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ABSTRACT
Composite materials, including Fibre Reinforced Polymer (FRP) bars, have been
gaining momentum as alternatives to traditional steel reinforcements in civil and
structural engineering sectors. FRP materials are non-corrosive, making them a
suitable alternative to steel reinforcement in aggressive environments, lightweight
and possess high longitudinal tensile strength, which are advantageous for their use
in civil infrastructure. Furthermore, since they are non-conductive, they are a suitable
in medical applications that are highly sensitive to electromagnetic fields including
magnetic resonance imaging (MRI) facilities.

The effects of high velocity conditions such as blast or impact loading on reinforced
concrete structures reinforced with steel reinforcement have been thoroughly
investigated. The structural behaviour of these RC structures including beams,
columns and slabs under these types of conditions are well known through extensive
research, including experimental studies and numerical modelling. However, there
has been little to no attention through both analytically and experimentally, the
structural response of RC beams internally reinforced with FRP bars. This is an area
of concern as structures reinforced with FRP bars may be susceptible to high velocity
impact during their service life. Especially in coastal areas where FRP reinforcement
bars is suited to that type of environment.

The objective of this research project is to investigate the response of beams
reinforced with glass fibre reinforced polymer (GFRP) bars under impact loading.
Furthermore, the behaviour under static loading was also investigated. An
experimental program at the University of Wollongong was conducted to achieve the
required objectives. The concrete beams were manufactured and tested until failure
within the laboratory. In total, twenty four small scaled GFRP RC beams were
constructed and tested under both static and impact loading. The specimens had a
rectangular cross section of 100 x 150 mm, with a length of 2400 mm, and were set
up under simply supported conditions. The main variables were the longitudinal
reinforcement ratio and concrete strength. GFRP RC beams with higher
reinforcement ratio showed higher post-cracking bending stiffness and experienced
flexural-critical failure under static loading. However, GFRP RC beams under
ii

impact loading, regardless of their shear capacity, experienced a ‘‘shear plug” and a
dynamic punching shear failure around the impact zone. The average dynamic
amplification factor was calculated as approximately 1.16, indicating higher dynamic
moment capacities compared to static moment capacities.

A two-degree-of-freedom mass-spring-damper system was used to model the
dynamic punching shear behaviour of the concrete beams reinforced with GFRP bars
under impact loading using MATLAB. Experimental results were used to verify the
accuracy of the system. Furthermore, the model was validated for the use of GFRP
bars for reinforcing concrete beams. A comparative analysis of experimental
dynamic mid-span deflections and dynamic deflections obtained from the punching
shear model are included with a high degree of accuracy obtained.
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NOTATION

𝑎

= Overhang length or Depth of equivalent stress block

𝐴

= Nominal cross-sectional area of reinforcement bar

𝐴𝑐

= Cross-sectional area of beam

𝐴𝑓

= Area of FRP tensile reinforcement

𝐴𝑓,𝑚𝑖𝑛
𝐴𝑓𝑣
𝐴𝑓𝑣,𝑚𝑖𝑛

=

Minimum amount of FRP reinforcement needed to prevent failure of
flexural members upon cracking.

= Amount of FRP shear reinforcement within spacing, 𝑠
= Minimum amount of FRP shear reinforcement within spacing, 𝑠

𝐴𝐹

= Area of FRP tension reinforcement

𝐴𝐹𝑣

=

𝐴𝑝

= Area of prestressing tendon

𝐴𝑣

=

Area of FRP shear reinforcement perpendicular of the axis of a
member within the distance, 𝑠

Area of steel reinforcement perpendicular to the axis of a member
within the distance, 𝑠

𝑏

= Width of beam

𝑏𝑤

= Width of the web or Width of beam
Cracked transformed section neutral axis depth or Neutral axis depth

𝑐

=

𝑐𝑏

=

𝑐1

= Damping coefficient 1

𝑐2

= Damping coefficient 2

𝐶

= Compressive force

𝑑

= Effective depth

𝑑𝑣

= Effective shear depth

or Distance from extreme compressive fibre to neutral axis depth
Distance from extreme compression fibre to neutral axis at balanced
strain conditions

𝐸𝑎𝑏𝑠

= Energy absorption capacity

𝐸𝑐

= Elastic modulus of concrete

𝐸𝐹

= Elastic modulus of FRP reinforcement

𝐸𝑓

= Elastic modulus of FRP reinforcement
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𝐸𝑓𝑟𝑝

= Elastic modulus of FRP reinforcement

𝐸𝑝

= Elastic modulus of prestressing tendon

𝐸𝑠

= Elastic modulus of steel reinforcement

𝑓′𝑐

= Design characteristic concrete compressive strength

𝑓𝑓

= Stress level in the FRP reinforcement

𝑓𝑓𝑏

= Strength of bent portion of FRP reinforcement bar

𝑓𝑓𝑢

= Tensile strength of FRP reinforcement

𝑓𝐹𝑢

= Tensile strength of FRP reinforcement
Tensile strength of FRP for shear design, taken as the smallest of the

𝑓𝑓𝑣

= design tensile strength (𝑓𝑓𝑢 ), strength of bent portion of FRP stirrups,
𝑓𝑓𝑏 , or stress corresponding to 0.004𝐸𝑓
Stress in prestressing tendon when strain in the surrounding concrete is

𝑓𝑝𝑜

=

𝑓𝑦

= Yield strength of steel reinforcement

𝐹(𝑡)

zero

= Impact force as a function of time

𝑔

= Acceleration due to gravity

ℎ

= Height of beam or Drop hammer height

𝐼

= Impact force or Moment of inertia

𝐼𝑐𝑟

= Moment of inertia of transformed cracked section

𝐼𝑒

= Effective moment of inertia

𝐼𝑔

= Gross moment of inertia

𝐼(𝑡)
𝑘

= Impact force as a function of time
= Ratio of depth of neutral axis to reinforcement depth or stiffness

𝑘𝑚

=

𝑘𝑟

=

𝑙

Coefficient taking into account the effect of moment at section on
shear strength
Coefficient taking into account the effect of reinforcement rigidity on
its shear strength

= Shear span length
Span length or Length of beam or Free length of tensile test specimen

𝐿

= or Length
of steel reinforcement bar

𝐿𝑎

= Steel anchor length
xxx

𝐿𝑡𝑜𝑡

= Total length of tensile test specimen
Exponent taking into account FRP reinforcement ratio, FRP elastic

𝑚

= modulus and elastic modulus of steel reinforcement or Mass of drop
hammer or Experimental gradient of load-deflection curve or Mass

𝑚1

= Equivalent mass of the GFRP RC beam

𝑚2

= Mass of drop hammer or Mass of the punching shear cone

𝑚
̅

= Mass of the beam per unit length

𝑀

= Maximum bending moment

𝑀𝑎

= Applied moment

𝑀𝑐𝑟

= Cracking moment

𝑀𝑑

= dynamic moment capacity

𝑀𝑑𝑐

= Decompression Moment

𝑀𝑒𝑥𝑝

= Experimental static moment capacity

𝑀𝑓

= Factored Moment

𝑀𝑛

= Nominal bending moment capacity

𝑀𝑠𝑒𝑟

= Serviceability moment

𝑀𝑠𝑡𝑎𝑡𝑖𝑐

= Static moment capacity

𝑀𝑢

= Ultimate bending moment capacity

𝑛𝑓

=

𝑁𝑓

=

𝑃

= Applied load

Ratio of the elastic modulus of the FRP material, 𝐸𝑓 to the elastic
modulus of concrete, 𝐸𝑐
Factored

axial

load

normal

to

the

cross-section

simultaneously with 𝑉𝑓

𝑃𝐻𝑆𝐶

= First peak load for normal strength concrete beam

𝑃𝑁𝑆𝐶

= First peak load for high strength concrete

𝑃𝑛

= Nominal load carrying capacity

𝑃𝑢

= Load carrying capacity

𝑅

= Reaction force

𝑅𝑁 (𝑡)

= Support reaction force at north support as a function of time

𝑅𝑆 (𝑡)

= Support reaction force at south support as a function of time

R1 (𝑡)

= Support reaction force 1 as a function of time

R 2 (𝑡)

= Support reaction force 2 as a function of time
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occurring

𝑅1 (𝑤1 )

= Deformation of the surrounding plate in bending

𝑅2 (𝑢)

=

Deformation of the punching shear cone relative to the surrounding
plate

𝑠

= Stirrup spacing

𝑡

= Time

𝑇

= Tensile force

𝑢

= Difference in deformation of punching shear cone and GFRP RC beam

𝑢(𝑡)

=

Difference in deformation of punching shear cone and GFRP RC beam
as a function of time

𝑢̈

= Acceleration

𝑣

= Velocity of drop hammer

𝑉

= Shear force

𝑉𝑐

= Nominal shear strength provided by concrete

𝑉𝑓

= Shear resistance provided by FRP stirrups or Factored shear force

𝑉𝑛

= Nominal shear strength at section

𝑉𝑝

=

𝑉𝑟

= Shear resistance

𝑉𝑠

= Shear resistance provided by steel stirrups

𝑉𝑠𝐹

= Shear resistance provided by FRP shear reinforcement

𝑉𝑠𝑠

= Shear resistance provided by steel shear reinforcement

𝑉𝑢

= Factored shear force at section

𝑤1

= Deformation of GFRP RC beam

𝑤1 (𝑡)
𝑤2
𝑤2 (𝑡)

Component in the direction of the applied shear of the effective
prestressing force

= Deformation of GFRP RC beam as a function of time
= Deformation of punching shear cone
= Deformation of punching shear cone as a function of time

𝑥

= Length

𝛼

=

𝛼1

= Equivalent stress block factor

𝛼𝑏

= Bond coefficient

𝛽

= Reduction coefficient

Bond dependent coefficient or ratio of the inertia forces to the total
impact force

xxxii

Parameter taken as 0.85 for concrete strength 𝑓′𝑐 up to and including
𝛽1

=

28 MPa. For concrete strength above 28 MPa, 𝛽1 is reduced
continuously at a rate of 0.05 for every 7 MPa up to 𝛽1 = 0.65 or
Equivalent stress block factor

𝛽𝑑

= Reduction coefficient

𝛾

=

𝛾𝑑

= Cracked stiffness reduction factor

∆

= Deflection

Parameter to account for the variation in stiffness along the length of
the beam

∆𝑐𝑟

= Cracking deformation

∆𝑒𝑥𝑝

= Experimental mid-span deflection or Dynamic mid-span deflection

∆𝑝𝑟𝑒𝑑

= Predicted deflection

𝜀𝑐

= Strain in the concrete

𝜀𝑐.𝑎𝑣𝑔

= Average strain in concrete

𝜀𝑐𝑢

= Ultimate strain in concrete

𝜀𝑓

= Strain in the FRP reinforcement bar

𝜀𝑓𝑟𝑝

= Strain in the FRP reinforcement bar

𝜀𝑓𝑟𝑝,𝑎𝑣𝑔

= Average strain in the GFRP reinforcement bars

𝜀𝑓𝑢

= Rupture strain of FRP reinforcement bars

𝜀𝐼

= Longitudinal strain at mid-depth of the section

𝜃

= Angle of the diagonal compressive stress

𝜆

= Factor to account for concrete density

𝜉

= Damping ratio

𝜌

= Tensile reinforcement ratio or density of concrete

𝜌𝑓

= FRP reinforcement ratio

𝜌𝑓𝑏

= FRP balanced reinforcement ratio

𝜌𝐹𝑅𝑃

= FRP reinforcement ratio

𝜌𝐹𝑤

= FRP longitudinal reinforcement ratio

𝜌𝑠

= Shear reinforcement ratio

𝜎𝑐

= Experimental concrete compressive strength

∅

= Strength reduction factor or Diameter of reinforcement bar

∅𝑐

= Resistance factor for concrete
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∅𝐹

= Resistance factor for FRP reinforcement

∅𝑠

= Resistance factor for steel reinforcement
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Chapter 1: Introduction

1 INTRODUCTION

1.1

Background and Problem Definition

Civil engineers are responsible for the planning, design, construction, operation and
maintenance of physical infrastructure. Infrastructure includes buildings of all types,
communication facilities, energy generation and distribution facilities, transportation
networks, water resource facilities and urban water systems. Infrastructure is
expected to remain functional, durable and safe for the service life of the structures,
which typically vary from 50 to 100 years. They are exposed to, and potentially
vulnerable to, the effects and extremes of climate and weather, such as droughts,
floods, heat waves, high winds, storm surges, fires and accumulated ice and snow.
Engineering practices and standards are intended to provide acceptably low risks of
failures regarding functionality, durability and safety over the service lives of
infrastructure systems and facilities. The Australian Corrosion Association (ACA)
has detailed the adverse impact on Australian economy for the corrosion of
reinforcement in structural components (Moore and Emerton, 2010). According to
Moore and Emerton (2010), about 1 billion dollars is spent annually for the corrosion
of infrastructure by the Australian Water Industry. Also, the maintenance and repair
cost of water and sewage treatment plants are estimated to be 52 and 177 million
dollars, respectively, annually. Moreover, a majority of Australian infrastructure,
especially buildings, bridges and roads constructed along the coastal region and are
exposed to, and potentially vulnerable to, the effects and extremes of climate and
weather causing degradation and loss of durability. Apart from this, the effect of
global warming is of concern with strong evidence that the atmospheric temperatures
of earth and ocean are increasing. Increases in atmospheric and ocean temperatures
causes increases in extreme precipitation and the level of atmospheric carbon
dioxide, resulting in the rising of sea-levels. This would accelerate infrastructure
corrosion in Australian coastal areas, reducing life span of the structure, increasing
maintenance costs and increasing the potential for structural failure in extreme
1
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events. According to Mahmoodian et al. (2015), the most common problem
associated with coastal infrastructure in Australia is deterioration failure, resulting in
a gradual ageing of the structure and its components, as a result of climate change
and sea level rises. This can have significant social, economic and environmental
consequences causing problems including human injuries, cost repairs and pollution.

To construct structures in highly corrosive environments, to control corrosion along
the coastal areas of Australia and to increase service life of marine infrastructure, the
use of fibre-reinforced polymer (FRP) bars for reinforcing concrete structures is
recommended. FRP bars are known as a composite material, manufactured of a
polymer matrix reinforced with fibres. Other forms of FRP reinforcing used in civil
engineering applications other than FRP reinforcement bars include sheets, used for
externally reinforcing deteriorated or weakened structural components (Camata et al.
2007, Hosny et al. 2006, Thomsen et al. 2004, Triantafillou and Plevris 1992, Wu et
al. 2006). Commonly used available fibres include glass (Glass Fibre Reinforced
Polymer, GFRP), aramid (Aramid Fibre Reinforced Polymer, AFRP) and carbon
(Carbon Fibre Reinforced Polymer, CFRP). The polymer matrix is typically an
epoxy resin which provides bond to the fibres. The advantages of FRP reinforcement
bars over steel reinforcement include low weight to strength ratio (1/5 to 1/4 times of
the density of steel reinforcement), high longitudinal tensile strength, non-magnetic
characteristics. As the initial cost of FRP reinforcement bars is higher than steel
reinforcement, the use of FRP reinforcing bars in structural components will
significantly reduce the maintenance costs of coastal infrastructure as well as
significantly reduce the overall damage repair cost, as FRP reinforcement is noncorrosive. Disadvantages associated with FRP bars include linear-elastic behaviour;
they do not exhibit plastic behaviour prior to failure. Furthermore, due to the low
elastic modulus of FRP reinforcement bars, design for serviceability usually controls.

The use of FRP bars in reinforcing concrete structured in extreme weather conditions
is recommended. However, reinforced concrete structures in coastal environments
are subjected to the possibility of extreme loads. This could be caused by a rigid
heavy object such as a motor vehicle or boat crashing into structural components
2
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such as columns or piers. Not only human error but natural disasters such as the
impact from an iceberg are also a concern for marine infrastructure causing major
financial, sustainability and safety issues. Previous experimental and numerical
investigation has been conducted in studying the behaviour of RC structures
subjected to heavy impact loads. These studies have focused on the use of internally
reinforcing

concrete

structures

including

beams

with

conventional

steel

reinforcement. However, one major area of importance that has had little to no
attention in the field of civil engineering is the impact response of concrete structures
internally reinforced with FRP bars (Goldston et al. 2016). Not only, but available
design specifications for impact loading are focused on concrete structures reinforced
with conventional steel reinforcement (American Association of State Highway and
Transportation Officials (AASHTO) 1991, UK Atomic Energy Authority (UKAEA)
1990). Currently there are no established guidelines or recommendations for the
design of RC structures reinforced with FRP bars subjected to impact. Thus the main
challenge for structural engineers is to design structures with FRP bars to resist high
impact loads in extreme weather conditions. This thesis presents an experimental
investigation into the static and impact responses of beams reinforced with GFRP
reinforcement bars. Furthermore, the impact response of beams reinforced with
GFRP bars were modelled and simulated using a two degree of freedom mass spring
system. The research work was performed at the High Bay Laboratory, Department
of Civil, Mining and Environmental Engineering, University of Wollongong.

1.2

Research Objectives

The use of FRP bars for concrete structures is very prominent in the field of
structural engineering. The main aim of this research is to investigate the impact
response of simply supported concrete beams reinforced with GFRP reinforcement
bars. The study also investigates the static behaviour of GFRP RC beams, which is a
fundamental aspect to the impact behaviour. Therefore, to understand the behaviour
and performance of impact resistant GFRP RC beams, the main objectives for this
research were achieved:
3
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1) Review literature in the field of simply supported beams reinforced with FRP
bars under static loading and the impact behaviour and response of steel RC
beams.
2) Experimentally investigate the mechanical properties of GFRP reinforcement
bars.
3) Experimentally investigate the structural behaviour of GFRP RC beams under
static loading.
4) Experimentally investigate the structural behaviour of GFRP RC beams under
impact loading.
5) Systematically investigate the effect of concrete strength on the behaviour on
FRP RC beams.
6) Validate FRP design recommendations and Response 2000 (Bentz 2000) with
experimental results.
7) Simulate the response of GFRP RC beams under impact loading using a two
degree of freedom (2DOF) mass spring system for dynamic punching shear
failure.
1.3

Research Methodology

To achieve the research objectives, and evaluate the problem definition, the structure
of the thesis consisted of three main sections: literature review, experimental
program and response of GFRP RC beams under impact loading using a two degree
of freedom mass spring system. A simplified graphical representation of the research
method, including problem definition, research methodology and applications is
shown in Figure 1-1.
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Literature Review (Chapter 2)
PROBLEM

* Identify Research Gaps

* Deterioration of
civil infrastructure
in extreme weather
environments

Experimental Program

* Extreme loads
against civil
infrastructure
reinforced with
FRP bars

(Chapters 3, 4 and 5)
* Material Testing

* GFRP RC Beams

APPLICATIONS

* Reinforcing
marine
infrastructure with
FRP bars against
extreme loads

2DOF Mass Spring System
(Chapter 6)

Figure 1-1 Graphical Representation of Research Methodology

A literature review (Chapter 2) was conducted for collecting information in relation
to the thesis topic, primary focusing on the structural behaviour of FRP RC beams
under static loading and impact response of steel RC beams. Design
recommendations for concrete structures reinforced with FRP bars are reviewed. The
chapter concluded by evaluating the significance of the study, as well as highlighting
the current research gaps and limitations. The necessity for understanding the impact
response of concrete beams reinforced with FRP bars to overcome the current
problems in civil infrastructure was recognised as a research topic that needs further
investigation.

An extensive experimental program (Chapters 3, 4 and 5) was conducted, providing
and enhancing our understanding on the behaviour of concrete beams reinforced with
FRP bars under static and impact loading. The experimental program had two main
components,

1) Preliminary material testing: The mechanical properties of GFRP
reinforcement bars including tensile strength, elastic modulus, rupture strain
and shear strength were determined, conforming to the material standards,
ASTM

D7205/D7205M

(2011)

for

tensile

behaviour

and

ASTM

D7617/D7617M (2011) for shear behaviour. Furthermore, steel reinforcement
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bars were tested for analysing the tensile behaviour, in accordance with
ASTM A370 (2015). Finally, concrete cylinders were tested for measurement
of concrete compressive strength, complying to AS 1012.9 (2014).

2) Experimental testing of GFRP RC beams under static and impact loading. In
total 24 GFRP RC beams were constructed. The beams were 2400 mm long
with cross-sectional dimensions of 100 mm by 150 mm. The GFRP RC
beams were categorised into two series, denoted as series I and series II. The
first series (series I) consisted of twelve GFRP RC beams. Six GFRP RC
beams were simply supported and tested under static loading (four-point
bending) until failure. The remaining six GFRP RC beams were subjected to
a falling mass of 110 kg, from a height of 1200 mm. The GFRP RC beams
under impact loading were subjected to two strikes of the drop hammer. The
test

variables

included

GFRP

reinforcement

ratio

(𝜌𝑓 = 0.5%, 1.0% and 2.0%) and nominal concrete strength (40 MPa
(normal strength concrete) and 80 MPa (high strength concrete)). Series II
consisted of twelve GFRP RC beams. Six GFRP RC beams were tested under
static loading (three-point bending) until failure, with varying reinforcement
ratios (𝜌𝑓 = 0.5%, 1.0% and 2.0%) and nominal concrete strength (80 MPa
and 120 MPa). Six GFRP RC beams with reinforcement ratios of 𝜌𝑓 =
1.0% and 2.0% and nominal concrete strength of 120 MPa were tested under
a free falling 580 kg drop hammer apparatus at various levels of impact
energy.

The GFRP RC beams subjected to impact loading were simulated for a dynamic
punching shear failure (Chapter 6). The experimental impact responses of the GFRP
RC beams were simulated using a two degree of freedom mass spring system model.
The system was implemented in MATLAB for predicting dynamic mid-span
deflections.
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1.4

Outline of Thesis

The thesis comprises of seven chapters, covering all the research objectives.

1) Chapter 1 provides an insight and understanding of the thesis project, which
includes background information, research objectives, research methodology
and thesis outline.

2) Chapter 2 comprises of an extensive review of performed experimental and
analytical evaluations on simply supported FRP RC beams subjected to static
loading and the impact response of concrete beams reinforced with
conventional steel reinforcement. This chapter also includes background
history of FRP reinforcement and its use in civil engineering projects,
mechanical properties and behaviour of FRP reinforcement including tensile,
compressive

and

shear

behaviour

and

currently

available

design

recommendations for RC beams with FRP bars.

3) Chapter 3 presents a detailed description of the layout of the experimental
program including the materials used and descriptions of the test specimens
including GFRP tensile test specimens and GFRP RC beam specimens, and
the construction and experimental setup of the specimens.

4) Chapter 4 presents results from experimental testing, including preliminary
material testing (tensile and shear behaviour of GFRP reinforcement, tensile
behaviour of steel reinforcement and compressive strength of concrete), and
behaviour of GFRP RC beams under static and impact loading. Measured
data for all tested specimens is included.
5) Chapter 5 provides an extensive discussion into the behaviour of the GFRP
RC beams. The effects of the main parameters including reinforcement ratio
and concrete strength have been discussed. Validation of existing design
equations for flexural strength and models for effective moment of inertia for
7
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calculation of deflection for FRP RC beams were compared with
experimental results. Furthermore, results from sectional analysis software,
Response 2000 (Bentz 2000) were also compared with experimental results.
Differences in failure modes of the GFRP RC beams under static and impact
loading are presented.
6) Chapter 6 presents a two-degree-of freedom mass-spring-system, used to
simulate a dynamic punching shear failure response of the GFRP RC beams
under impact loading. The model was implemented in MATLAB using the
report “Concrete Structures under Impact and Impulsive Loading” (CEB
1988).
7) Chapter 7 summarises the main findings and conclusions. It also presents
recommendations for future research work.
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2 LITERATURE REVIEW

2.1

General

Over the past decades, substantial amount of research were conducted on behaviour
of steel-reinforced concrete structures. The behaviour steel reinforced concrete
beams have been thoroughly studied, experimentally and numerically, under various
types of loadings including static loading (Ahmad et al. 1986, Hassan et al. 2008,
Kani 1967, Maroliya 2012) and impact loading (Soleimani et al. 2007, Wu et al.
2015, Tachibana et al. 2006, Zhan et al. 2015, Wang et al. 1996). As it stands, the
performance and behaviour of structures reinforced with conventional steel
reinforcement is well-established. An alternative solution to that of conventional
steel reinforcement for reinforcing concrete structures is Fibre-Glass Polymer
(commonly known as FRP). Its major benefit is its non-corrosive behaviour and thus
is beneficial in coastal environments (Balendran et al. 2002, Masmoudi et al. 1998).
Other advantages include high longitudinal tensile strength in the direction of the
fibres, nonmagnetic and light weight, making it easy for transporting on site. Studies
have investigated the performance of concrete structures reinforced with FRP bars
under static loading (Grace et al. 1998, Theriault and Benmokrane 1998, Gravina and
Smith 2008). However, there is a lack of or no studies conducted on the dynamic
response of beams internally reinforced with FRP bars (Goldston et al. 2016). This is
reflected in no design recommendations for impact resistant structures reinforced
with FRP bars, which is an area of major significance. The use of FRP bars in coastal
structures such as bridge decks, piers or columns could possibly be subjected to
heavy collision from a marine or automobile vehicle. Thus, a significant amount of
research is required on the impact resistant of FRP RC structures, as FRP is a
growing product and its uses will continue to expand. Hence, FRP reinforced
concrete structures needs to be investigated under all types of loading conditions.
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A summary of the historical development use of FRP in civil engineering projects as
well as mechanical properties (tensile, compressive, shear behaviour) have been
discussed in Section 2.2. This is followed by analysing the most recent design
recommendations/standards for flexure and shear for beams reinforced with FRP
bars (Section 2.3). Previous experimental investigation of simply supported beams
reinforced with internal FRP bars is reviewed (Section 2.4). Finally, the impact
response of RC beams reinforced with conventional steel reinforcement is reviewed
(Section 2.5), including previous experimental and analytical evaluation, with the
chapter concluding the significance of the current study (Section 2.6)
2.2
2.2.1

Fibre Reinforced Polymer Bars in Civil Engineering Projects
Historical Development of FRP Reinforcement

FRP composites have been used for decades since the early 1940’s in the defence
industry, in particular the aeronautical and naval industries, as well as military
applications. During this time, it was recognised as having a high strength to weight
ratio, non-corrosive, thus resistant to weather conditions and the corrosive effects of
the sea and salt air. This resulted in a boom in the material being utilised in a variety
of applications including transportation vehicles such as aircrafts and navy ships.
After World War II, the use composite materials continued to expand and grow
during the 1950’s. Products such as boats, motor vehicles, pipes (fibre glass piping)
were built and constructed with FRP composites.
It was not until the early 1960’s that composite materials were being recognised as a
reinforcement option in concrete structures. Infrastructure projects including
highways were being subjected to severe weather conditions including snow and ice.
De-icing was the preferred method of removal from the surface, resulting in
corrosion of the steel reinforcement. Prevention methods were adopted and explored
including galvanising the steel reinforcement bars with a layer of zinc as well and
epoxy coated steel reinforcement, the latter proving to be the most beneficial.
According to Fico (2007), 40% of highway bridges in the United States of America
are currently structurally deficient with a number of alternative materials tested to
counteract this problem including FRP reinforcement bars. However, FRP bars were
10
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not a viable option during that time and were not commercially accessible until the
late 1970’s. During the 1980’s, there was a boom for non-metallic reinforcement for
the advancing technological market. The industries in most need of composite
materials at the time included facilities where MRI medical equipment was required
and now has become the main type of reinforcement used in this profession. But, to
this current day, the largest market using composite materials is the automotive
manufacturing industry. It is extremely beneficial to high speed racing, where the
light weight of the material allows the automotive to reach their maximum speeds in
changing climate conditions.

Civil engineering projects involving FRP reinforcing bars are currently being used
globally, especially in Asia including countries such as China and Japan where major
construction works are being developed including bridge works, high rise buildings
and underground tunnelling. “More than 100 demonstration or commercial projects”
involving FRP bars were being constructed by Japan during the 1990’s (ACI 2015).
This resulted in design recommendations for FRP reinforcement in concrete
structures being developed by the Japan Society of Civil Engineers (JSCE), titled
“Recommendation for Design and Construction of Concrete Structures Using
Continuous Fiber Reinforcing Materials” (JSCE 1997b). A number of construction
applications and demonstration projects within the United States and Canada were
conducted in order to present the benefits of composite materials including the Pierce
Street Bridge in Lima, Ohio as shown in Figure 2-1 and the use of FRP bars in the redecking of Dayton, Ohio’s Salem Avenue Bridge in 1999 (Figure 2-2).
.

11

Chapter 2: Literature Review

Figure 2-1 FRP Reinforced Deck constructed in Lima, Ohio in 1999 (ACI 2015)

Figure 2-2 FRP Bars in the Re-Decking of Dayton, Ohio’s Salem Avenue Bridge in
1999 (ACI 2015)
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2.2.2

Mechanical Properties and Behaviour of FRP Reinforcement

2.2.2.1 General
Fibre reinforced polymer (FRP) is defined as a composite and anisotropic material
containing fibres impregnated within a polymeric matrix as shown in Figure 2-3.
Fibres are used in polymeric composite materials because of their high strength, high
stiffness and light weight. The most common types of fibres used for engineering
applications include glass (GFRP), carbon (CFRP), aramid (AFRP) (Walsh 2001)
and more recently, basalt (BFRP). The polymer matrix is usually a polyester, epoxy
or vinyl ester resin, with its primarily role to embed and bond the continuous fibres.
It also provides a protective barrier to the fibres, preventing any surface damage
during service life. One main type of polymeric matrix used in conjunction with
fibres is known as thermosetting resins. Typical known thermosetting resins are
reported in Table 2-1, with the compressive and tensile stress-strain behaviour shown
in Figure 2-4 for a standard polyester resin. Commercially available FRP products
include reinforcement bars (Figure 2-5(a)), mesh (Figure 2-5(b)) for internal
reinforcement, fabric (Figure 2-5(c)) and sheet/strips (Figure 2-5(d)) for external
strengthening or repairing damaged structures. Furthermore, FRP bars will be the
focus of this study and explained in detail.

(3)
(1)

(2)

Figure 2-3 Microscopic Structure of Fibre/Matrix Interface (Robert et al. 2009)

(Note: In Figure 2-3, 1. Fibre, 2. Matrix and 3. Interface)
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Table 2-1 Properties of Thermosetting Matrices (fib 2007)
Matrix
Property

Polyester

Epoxy

Vinyl Ester

Density (kg/m3)

1200-1400

1200-1400

1150-1350

Tensile Strength (MPa)

34.5-104

55-130

73-81

Longitudinal Modulus (GPa)

2.1-3.45

2.75-4.10

3.0-3.5

Poisson’s Coefficient

0.35-0.39

0.38-0.40

0.36-0.39

55-100

45-65

50-75

0.15-0.60

0.08-0.15

0.14-0.30

Thermal Expansion
Coefficient (10-6/°C)
Moisture Content (%)

Figure 2-4 Stress-Strain Curve for Polyester Resin (fib 2007)

14

Chapter 2: Literature Review

(a) Glass Fibre Bar (Getzlaf 2012)

(b) FRP Mesh (fib 2007)

(c) FRP Fabrics (fib 2007)

(d) Sheet/Strip (fib 2007)

Figure 2-5 FRP Products

There are many advantages of using FRP bars as internal reinforcement for
engineering structures. The main benefit compared to that of steel reinforcement is
its non-corrosive behaviour. It is most suitable for highly corrosive environments
where structures such as bridge decks or piers are subjected to de-icing salts. In the
case when steel reinforcement is used in this type of environment, the material is
susceptible to corrosion, causing financial and structural issues relating to
maintenance and safety. Other advantages include its low weight to strength ratio,
high longitudinal tensile strength (in the direction of the fibres), nonmagnetic
properties, making the reinforcement beneficial in the medical field, where magnetic
resonance imaging (MRI) equipment is used.

The main disadvantage associated with all types of FRP products including
reinforcement bars is the brittle behaviour up to failure. FRP reinforcement is well
known as a non-ductile material and unlike conventional steel reinforced does not
15
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yield. As a result of the lack of plastic behaviour, it is difficult to bend FRP
reinforcement onsite. The bending must be done using professional machinery by the
manufacturer. Other disadvantages include the strength of the reinforcement is
dominated by the direction of the fibres. The strength is less in the direction
perpendicular to the fibres compared to the fibre direction. Also FRP bars have low
elastic modulus, causing serviceability problems including larger deflections and
excessive cracking in flexural members. Finally, although the initial cost of FRP
reinforcement is higher than steel reinforcement, the total life cycle cost of the
structure or structural components reinforced with FRP bar is lower, as significantly
less maintenance costs are required for structures or structural components reinforced
with FRP bars. Table 2-2 reports a summary of the advantages and disadvantages of
FRP bars.

Table 2-2 Advantages and Disadvantages of FRP Reinforcement Bars
Advantages

Disadvantages
May be susceptible to fire depending

High longitudinal tensile strength

on matrix type and concrete cover
thickness

Lightweight

Low durability of glass fibres in a
moist environment

Corrosion/Chemical resistant

Low shear and compressive strength

Non-magnetic

Low modulus of elasticity

High durability/Service life

Cannot be field bent

High fatigue endurance

No yielding before brittle rupture

Low maintenance

Degrade under UV radiation

2.2.2.2 Tensile Behaviour
The tensile stress-strain behaviour of FRP bars is linear-elastic up until failure as
shown in Figure 2-6 for different types of fibres (Fico 2007). As noted before, FRP
reinforcement bars do not exhibit any yielding prior to failure. Thus when FRP bars
experience tensile forces larger than the tensile strength, fail by rupture and splitting
16
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of the fibres occur (Figure 2-7). The tensile behaviour of FRP reinforcement is
dependent on a number of factors especially the fibre volume to the total volume of
the FRP reinforcement (fibre-volume fraction). By altering this fraction, the strength
and stiffness of FRP bars can be changed. Other noticeable influences include the
properties and types of matrices used to bond and protect the fibres and the level of
quality control during manufacturing (Wu 1990). Typical tensile properties of FRP
reinforcement bars and steel reinforcement bars are reported in Table 2-3 according
to ACI (2015) including tensile strength, elastic modulus and rupture strain.

Figure 2-6 Stress-Strain Relationship of Reinforcement Bars (Fico 2007)
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Figure 2-7 Typical Tensile Failure of FRP reinforcement Bars (Benmokrane et al.
2000)

Table 2-3 Tensile Properties of FRP Reinforcement Bars (ACI 2015)
Material Properties

Steel

GFRP

CFRP

AFRP

Tensile Strength (MPa)

483-690

483-1600

600-3690

1720-2540

Elastic Modulus (GPa)

200

35.0-51.0

120-580

41-125

Rupture Strain (%)

6.0-12.0

1.20-3.10

0.50-1.70

1.90-4.40

Determination of the tensile behaviour of FRP reinforcement bars is very different
and complicated compared to traditional standard methods for steel reinforcement.
There are a number of factors and protocols which need consideration prior to
testing. One main issue around FRP tensile testing is prevention of premature failure
due to stress concentrations as a result of the low compressive strength of the
material. To prevent stress concentrations at the ends of the FRP reinforcement bar,
caused by the pressure from the testing apparatus, steel hollow anchors are used as
shown in Figure 2-8. An expansive cement grout or epoxy is primary used as the
anchor filler as done by research conducted by Benmokrane et al. (2000), Kocaoz et
al. (2005) and Castro and Carino (1998) who investigated the tensile properties of
FRP bars. The type of anchor filled used is just important, as slippage could occur
during FRP tensile testing between two interfaces - interface between anchor filling
18

Chapter 2: Literature Review

material and steel anchor or interface between FRP reinforcement bar and anchor
filling material (Figure 2-9). Also, if the FRP reinforcement bar is not properly
centred, this can affect the tensile properties as shown in Figure 2-10. Table 2-4
reports a summary of the types of complications associated with tensile testing of
FRP reinforcement bars. Current standard test methods are available for
determination of the tensile behaviour of FRP reinforcement bars, including
“Standard Test Method for Tensile Properties of Fiber Reinforced Polymer Matrix
Composite Bars” (ASTM D7205/D7205M 2011) and “Fibre-Reinforced Polymer
(FRP) Reinforcement of Concrete – Test Methods – Part 1: FRP Bars and Grids”
(ISO 2008).

Figure 2-8 Anchorage Devices using Steel Tubes (CNR 2006)

Steel Anchor
FRP Reinforcement Bar
Anchor Filling Material
Interface 1
Interface 2
Figure 2-9 Interfaces with FRP Tensile Test Specimens (Cross-Sectional View)
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Figure 2-10 Misalignment of FRP Reinforcement Bar (Cross-Sectional View)
Table 2-4 Complications associated with Tensile Testing of FRP Bars
Tensile Testing Complications
1. Localised stress concentration from gripping force from testing machine
2. Misalignment of FRP reinforcement bar
3. Slipping of FRP reinforcement bar between the two interfaces
4. Anchor filling material

2.2.2.3 Compressive Behaviour
The compressive strength of FRP bars is known to be very weak compared to that of
the tensile strength. According to ACI (2015), use of FRP bars in compression for
flexural members due to this low compressive strength is not recommended. This is
also reiterated by Kobayashi and Fujisaki (1995) and other FRP design standards
including “Design and Construction of Building Structures with Fibre-Reinforced
Polymers” (CSA 2012) which assumes that the compressive strength of the FRP
reinforcement shall be disregarded in the calculation of flexural resistance.
According to ACI (2015), FRP bars in compression have 55% of the tensile strength
for GFRP bars, 78% for CFRP bars and as low as 20% for AFRP bars. Also, through
experimental testing, it has been shown the compressive elastic modulus is 80%,
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85% and 100% of the tensile elastic modulus for GFRP, CFRP and AFRP
reinforcement bars, respectively. For design purposes, the contribution of
compression

reinforcement should be ignored for determining flexural strength

(Almusallam et al. 1997). However, in certain instances, FRP in compression cannot
be avoided; for example, the bars are very beneficial in helping to improve the
stability of the reinforcement cages when the bars are attached to the shear
reinforcement (ACI 2006). Thus in compression, the bars have very minimal impact
on the flexural behaviour of the member under bending. Currently there is no
standard material test method to determine the compressive strength of FRP
reinforcement and thus should only be used where additional flexural strength is
required. Compressive strength data should be obtained through manufacturer’s data
sheet.
2.2.2.4 Shear Behaviour
The behaviour of FRP reinforcement bars is known to be relatively weak under shear
loading. The reason for this is that the strength of FRP bars in shear is highly
dependent on the properties of the resin/matrix, that is the polymeric composite and
local stress distributions (fib 2007). This is because the shear force acts perpendicular
to the fibre direction and thus the fibres do not resist shear load as shown in Figure
2-11. As a result, the shear strength is governed by the unreinforced polymer matrix
which is generally relatively weak (ACI 2015). Also, the ability of FRP bars ability
to transfer shear by dowel action is reduced considerably (Razaqpur et al. 2004). ACI
(2015) provides alterative measures to increase the shear strength of FRP bars,
including braiding or winding fibres in the transverse direction to the longitudinal
fibres. Test methods for determination of transverse shear strength of FRP bars have
been developed including “Standard Test Method for Transverse Shear Strength of
Fiber-reinforced Polymer Matrix Composite Bars” (ASTM D7617/D7617M 2011)
and “Test Method for Shear Properties of Continuous Fiber Reinforcing Materials by
Double Plane Shear” (JSCE-E 540 1995).
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Figure 2-11 FRP Bar Subjected to Transverse Shear (fib 2007)

2.3

Design Recommendations for Beams Reinforced with FRP Bars

2.3.1

General

Due

to

the

growing

popularity

of

FRP

reinforcement,

design

guidelines/recommendations have been developed globally in Japan (JSCE 1997b),
United States of America (ACI 2001, ACI 2003, ACI 2006, ACI 2007, ACI 2015),
Canada (ISIS 2001, ISIS 2007, CSA 2002, CSA 2012), Italy (CNR 2006) and Egypt
(HBNRC 2005). The fib (2007) technical report provides extensive detail in relation
to existing design codes currently available for comparative analysis. However,
design recommendations for FRP in Australia haven’t currently been established and
thus the existing codes must be used. A chronological order of the design
recommendations/codes available for concrete structures reinforced with FRP
reinforcement is shown and reported in Figure 2-12 and Table 2-5, respectively.
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(JSCE 1997b)
(ISIS 2001)
(ACI 2001)
(CSA 2002)
(ACI 2003)
(HBNRC 2005)
(ACI 2006)
(CNR 2006)
(ISIS 2007)
(ACI 2007)
(fib 2007)
(CSA 2012)
(ACI 2015)
1997 2000 2003 2006 2009 2012 2015 2018 2021
Figure 2-12 Chronological Order of Design Recommendations for Concrete
Structures Reinforced with FRP Bars
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Table 2-5 Chronological Order of Design Recommendations for Concrete Structures
Reinforced with FRP Bars
Country

Publisher

Japan

Japan Society of Civil
Engineers (JSCE)

Canada
USA

Intelligent Sensing for
Innovative Structures
(ISIS)
American Concrete
Institute (ACI)

Year

Guide/Recommendation Titile

1997

Recommendation for Design and
Construction of Concrete Structures Using
Continuous Fibre Reinforcing Materials

2001

Reinforcing Concrete Structures with
Fiber Reinforced Polymers

2001

Guide for the Design and Construction of
Concrete Reinforced with FRP Bars

Canada

Canadian Standards
Association (CSA)

2002

Design and Construction of Building
Components with Fibre-Reinforced
Polymers

USA

American Concrete
Institute (ACI)

2003

Guide for the Design and Construction of
Concrete Reinforced with FRP Bars

Egypt

Housing and Building
National Research
Centre (HBNRC)

2005

The Egyptian Code for the use of Fiber
Reinforced Polymer in the Construction
Fields

USA

American Concrete
Institute (ACI)

2006

Guide for the Design and Construction of
Concrete Reinforced with FRP Bars

2006

Guide for the Design and Construction of
Concrete Structures Reinforced with
Fiber-Reinforced Polymer Bars

2007

Reinforcing Concrete Structures with
Fiber Reinforced Polymers

USA

American Concrete
Institute (ACI)

2007

Report on Fiber-Reinforced Polymer
(FRP) Reinforcement for Concrete
Structures

Switzerland

The International
Federation for
Structural Concrete
(fib)

2007

FRP reinforcement in RC structures

Canada

Canadian Standards
Association (CSA)

2012

Design and Construction of Building
Structures with Fibre-Reinforced
Polymers

USA

American Concrete
Institute (ACI)

2015

Guide for the Design and Construction of
Concrete Reinforced with FRP Bars

Italy

Canada

Advisory Committee
on Technical
Recommendations for
Construction (CNR)
Intelligent Sensing for
Innovative Structures
(ISIS)
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2.3.2

Guide for the Design and Construction of Structural Concrete Reinforced
with FRP Bars (ACI 2015)

American Concrete Institute (ACI) Committee 440 has developed a guide for the
design of concrete beams internally reinforced with FRP reinforcement bars, “Guide
for the Design and Construction of Structural Concrete Reinforced with FRP Bars”
(ACI 2015). This report states that the design of FRP RC members, especially
flexural capacity can be calculated similar to that of steel RC members. The guide
provides the required steps, with a beam design example to outline the procedure in
determining these characteristics, including flexure, shear and serviceability
requirements. Other important content that is supplied in the guide includes the
historical development of FRP bars, material characteristics including physical and
mechanical

properties,

construction

practices,

temperature

and

shrinkage

reinforcement and development and splices of reinforcement.
2.3.2.1 Flexural Strength
ACI (2015) uses the following assumptions when analysing the flexural strength of
the cross-section of FRP RC beams;

1) Strain in the concrete and the FRP reinforcement is proportional to the
distance from the neutral axis.

2) Maximum usable compressive strain (𝜀𝑐𝑢 ) in the concrete is 0.003.
3) Concrete tensile strength is negligible.
4) Tensile behaviour of the FRP reinforcement is linearly elastic until
failure.

5) Perfect bond exists between FRP reinforcement and concrete and
therefore the strain in the reinforcement bar is equal to the concrete strain
at the same level.
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There are three types of failure modes for FRP RC beams: concrete crushing, rupture
of the FRP reinforcement bars and balanced failure (FRP tensile reinforcement
reaches rupture strain simultaneously with concrete crushing at 𝜀𝑐𝑢 = 0.003). Failure
mode is dependent on the reinforcement ratio (𝜌𝑓 ) and balanced reinforcement ratio
(𝜌𝑓𝑏 ). If 𝜌𝑓 > 𝜌𝑓𝑏 , the failure mode is governed by concrete crushing and for FRP
reinforcement rupture, 𝜌𝑓 < 𝜌𝑓𝑏 . The recommended failure mode of FRP RC beams
is different from that of steel RC beams. The design of an over-reinforced section is
recommended as concrete crushing is preferred over rupture of FRP bars (underreinforced) because if the FRP reinforced bars reach their rupture strain (𝜀𝑓𝑢 ), failure
will be very sudden and catastrophic without prior warning. An over-reinforced FRP
RC beam is preferred as it provides more of a “ductile” response and shows some
plastic behaviour compared to FRP reinforcement rupture. For a FRP RC beam, the
balanced reinforcement ratio (𝜌𝑓𝑏 ) and reinforcement ratio (𝜌𝑓 ) can be calculated
according to Equations (2-1) and (2-2), respectively.

𝜌𝑓 =

𝜌𝑓𝑏 = 0.85𝛽1

𝐴𝑓
𝑏𝑑

𝐸𝑓 𝜀𝑐𝑢
𝑓′𝑐
𝑓𝑓𝑢 𝐸𝑓 𝜀𝑐𝑢 + 𝑓𝑓𝑢

(2-1)

(2-2)

where 𝐴𝑓 is the area of FRP tensile reinforcement, 𝑏 is the width of the beam, 𝑑 is
the effective depth, 𝑓′𝑐 is the design characteristic concrete compressive strength, 𝐸𝑓
is the FRP elastic modulus, 𝜀𝑐𝑢 is the ultimate concrete strain (taken as 0.003), 𝑓𝑓𝑢 is
the tensile strength of the FRP reinforcement and 𝛽1 is the stress block parameter.
The 𝛽1 parameter is taken as 0.85 for concrete strength 𝑓′𝑐 up to and including 28
MPa. For concrete strength above 28 MPa, 𝛽1 is reduced continuously at a rate of
0.05 for every 7 MPa up to 𝛽1 = 0.65 (Equation (2-3)). Hence, the stress block
parameter should be within 0.65 ≤ 𝛽1 ≤ 0.85.
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𝑓′𝑐 − 28
𝛽1 = (0.85 − 0.05 (
)) ≥ 0.65
7.0

(2-3)

For an over-reinforced FRP RC beam (𝜌𝑓 > 𝜌𝑓𝑏 ,), the rectangular stress block can be
used as shown in Figure 2-13 to compute the nominal bending resistance (𝑀𝑛 ) in
terms of the FRP reinforcement ratio (Equation (2-4)).

𝑀𝑛 = 𝜌𝑓 𝑓𝑓 (1 − 0.59

𝜌𝑓 𝑓𝑓
) 𝑏𝑑 2
𝑓′𝑐

(2-4)

where 𝑓𝑓 is defined as the stress in the FRP reinforcement in tension and must be less
than or equal to the tensile strength of the FRP reinforcement (𝑓𝑓𝑢 ) and can be
calculated by Equation (2-5).

2

0.85𝛽1 𝑓 ′ 𝑐
(𝐸𝑓 𝜀𝑐𝑢 )
√
𝑓𝑓 =
+
𝐸𝑓 𝜀𝑐𝑢 − 0.5𝐸𝑓 𝜀𝑐𝑢 ≤ 𝑓𝑓𝑢
4
𝜌𝑓

(2-5)

Figure 2-13 Failure governed by Concrete Crushing (ACI 2015)
For FRP rupture to govern the design (𝜌𝑓 < 𝜌𝑓𝑏 ), the rectangular stress block is
impractical since the ultimate strain in the concrete (𝜀𝑐𝑢 < 0.003) is unattainable.
Thus, ACI (2015) provides a conservative and simple method in obtaining the
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nominal bending resistance (Equation (2-6)). Figure 2-14 shows the stress and strain
distributions for when FRP reinforcement rupture governs.

𝑀𝑛 = 𝐴𝑓 𝑓𝑓𝑢 (𝑑 −

𝛽1 𝑐𝑏
)
2

(2-6)

where 𝑐𝑏 is the distance from extreme compression fibre to neutral axis at balanced
strain conditions and can be computed by Equation (2-7).
𝜀𝑐𝑢
𝑐𝑏 = (
)𝑑
𝜀𝑐𝑢 + 𝜀𝑓𝑢

(2-7)

where 𝜀𝑓𝑢 is rupture strain of the FRP tensile reinforcement.

Figure 2-14 Failure governed by FRP Rupture (ACI 2015)

Balanced failure condition occurs when the concrete reaches the assumed ultimate
strain of 𝜀𝑐𝑢 = 0.003 simultaneously with the FRP reinforcement bars reaching the
rupture strain (𝜀𝑓𝑢 ), that is 𝜌𝑓 = 𝜌𝑓𝑏 , as shown in Figure 2-15.
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Figure 2-15 Balanced Failure Condition (ACI 2015)

According to ACI (2015), the strength design philosophy states that the design
flexural strength at a section of a member (∅𝑀𝑛 ) must exceed the factored moment
(𝑀𝑢 ):
∅𝑀𝑛 ≥ 𝑀𝑢

(2-8)

For FRP RC members, a conservative strength reduction factor (∅) in flexure is
recommended due to the differences in failure mode compared to that of steel RC
members. The FRP RC beams should have a higher reserve strength to account for
the lack of ductility. Thus to ensure ∅𝑀𝑛 ≥ 𝑀𝑢 , Equation (2-9) must be applied to
determine the required strength reduction factor. Figure 2-16 graphically shows
Equation (2-9) as a function of the reinforcement ratio.
0.55 for 𝜌𝑓 < 𝜌𝑓𝑏
∅=

0.3 + 0.25

{

𝜌𝑓
for 𝜌𝑓𝑏 < 𝜌𝑓 < 1.4𝜌𝑓𝑏
𝜌𝑓𝑏

(2-9)

0.65 for 𝜌𝑓 ≥ 1.4𝜌𝑓𝑏
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Figure 2-16 Strength Reduction Factor as a Function of the Reinforcement Ratio
(ACI 2015)
To ensure failure by FRP reinforcement rupture, 𝜌𝑓 < 𝜌𝑓𝑏 , a minimum amount of
reinforcement (𝐴𝑓,𝑚𝑖𝑛 ) is required to prevent failure before cracking, ∅𝑀𝑛 ≥ 𝑀𝑐𝑟
(Equation (2-10)). 𝑀𝑐𝑟 is defined as the cracking moment. However Equation (2-10)
is not required if concrete crushing governs the design, 𝜌𝑓 > 𝜌𝑓𝑏 . According to ACI
(2015), if concrete crushing governs, 𝐴𝑓,𝑚𝑖𝑛 is automatically achieved.

𝐴𝑓,𝑚𝑖𝑛 =

0.41√𝑓′𝑐
2.3
𝑏𝑤 𝑑 ≥
𝑏 𝑑
𝑓𝑓𝑢
𝑓𝑓𝑢 𝑤

(2-10)

where, 𝑏𝑤 is the width of the web
2.3.2.2 Shear Strength
For the shear strength of FRP RC beams, the shear design philosophy according to
ACI (2015) states that the strength reduction factor of ∅ = 0.75 should be applied to
the shear strength of the FRP member. The factored shear strength (∅𝑉𝑛 ) should
exceed the factored shear force (𝑉𝑢 ).
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The nominal shear strength (𝑉𝑛 ) of a FRP RC beam is defined as the summation of
the nominal shear strength provided by concrete (𝑉𝑐 ) and nominal shear strength
provided by shear reinforcement (𝑉𝑓 ). The nominal shear strength provided by
concrete (𝑉𝑐 ) for an FRP RC beam can be calculated as,
2
𝑉𝑐 = √𝑓′𝑐 𝑏𝑤 𝑐
5

(2-11)

where 𝑐 is the cracked transformed section neutral axis depth, which can be
calculated as 𝑐 = 𝑘𝑑. The factor 𝑘 is the ratio of depth of neutral axis to
reinforcement depth (Equation (2-12)).

𝑘 = √2𝜌𝑓 𝑛𝑓 + (𝜌𝑓 𝑛𝑓 )2 − 𝜌𝑓 𝑛𝑓

(2-12)

where 𝑛𝑓 is the ratio of the elastic modulus of the FRP material (𝐸𝑓 ) to the elastic
modulus of concrete (𝐸𝑐 ).
Similar procedure for determining the nominal shear strength provided by steel shear
reinforcement can be used for FRP stirrups perpendicular to the axis of the member,

𝑉𝑓 =

𝐴𝑓𝑣 𝑓𝑓𝑣 𝑑
𝑠

(2-13)

where 𝐴𝑓𝑣 is the amount of FRP shear reinforcement within spacing 𝑠, 𝑓𝑓𝑣 is the
tensile strength of FRP for shear design, taken as the smallest of the design tensile
strength (𝑓𝑓𝑢 ), strength of bent portion of FRP stirrups, 𝑓𝑓𝑏 , or stress corresponding
to 0.004𝐸𝑓 and 𝑠 is the spacing of the stirrups. For steel reinforcement as stirrups, 𝑓𝑓𝑣
can be substituted to 𝑓𝑦 , defined as the yield strength of the steel reinforcement
calculated using Equation (2-14) according to ACI (2005).
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𝑉𝑠 =

𝐴𝑣 𝑓𝑦 𝑑
𝑠

(2-14)

where 𝑉𝑠 is shear resistance provided by steel stirrups, 𝐴𝑣 is area of steel
reinforcement perpendicular to the axis of a member within the distance, 𝑠 and 𝑓𝑦 is
the yield strength of steel reinforcement.

The required spacing and area of FRP shear reinforcement perpendicular to the
longitudinal axis can be calculated according to Equation (2-15).

𝐴𝑓𝑣 (𝑉𝑢 − ∅𝑉𝑐 )
=
𝑠
∅𝑓𝑓𝑣 𝑑

(2-15)

A minimum amount of shear reinforcement is required when 𝑉𝑢 > ∅𝑉𝑐 /2 to prevent
shear failure of the member. ACI (2015) recommends for minimum area requirement
for FRP shear reinforcement (𝐴𝑓𝑣,𝑚𝑖𝑛 ) as,

𝐴𝑓𝑣,𝑚𝑖𝑛 = 0.35

2.3.3

𝑏𝑤 𝑠
𝑓𝑓𝑣

(2-16)

Design and Construction of Building Structures with Fibre-Reinforced
Polymers (CSA 2012)

The Canadian Standards Association (CSA) has developed a second edition of CSA
S806 standard titled “Design and Construction of Building Structures with FibreReinforced Polymers” (CSA 2012). This standard is recommended on the basis for
concrete structures reinforced with fibre reinforced polymers including aramid,
carbon and glass. The standard aims to provide design engineers with a solid
foundation when designing with FRP reinforcement. This includes general design
requirements, limit state design, properties of FRP, design of concrete components
reinforced with FRP reinforcement, development and splices of reinforcement and
design of concrete components pre-stressed with FRP.
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2.3.3.1 Flexural Strength
CSA (2012) has provisions and requirements in determining the flexural strength of a
concrete beam reinforced with FRP reinforcement. The approach is taken similar to
the design standard for steel reinforcement “Design of Concrete Structures” (CSA
2004). A sectional analysis approach and equivalent rectangular stress block is taken
for the design of beam reinforced with FRP reinforcement. The following
assumptions are made by CSA (2012):

1) Strain in the reinforcement and concrete shall be assumed to be directly
proportional to the distance from the neutral axis in cases where there is a
perfect bond.

2) Ultimate concrete strain in the extreme compression fibre shall be assumed as
𝜀𝑐𝑢 = 0.0035.
3) The tensile strength of concrete shall be neglected in calculation of the
flexural resistance of a beam reinforced with FRP.
4) Tensile stresses in the FRP reinforcement shall be found using strain
compatibility.
5) Compressive strength of reinforcement shall be ignored in calculation of
flexural resistance of a beam reinforced with FRP.

The steps required in calculating the flexural resistance are provided for both overreinforced and under-reinforced FRP RC beams.

Over-Reinforced FRP RC Beam

For an over-reinforced GFRP RC beam, concrete rushing governs the failure, where
the ultimate strain in the concrete on the extreme compression fibre is reached,
𝜀𝑐𝑢 = 0.0035.
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1) Initially assume the FRP RC beam is over-reinforced and thus failure will be
initiated by crushing of the concrete cover on the top surface.
2) Set ultimate strain at the extreme concrete compression fibre to 𝜀𝑐𝑢 =
0.0035.

3) i) For over-reinforced sections, the distribution of the concrete stress on the
cross-section may be calculated as 𝛼1 ∅𝑐 𝑓′𝑐 and be distributed evenly over an
equivalent compression zone bounded by edges of the cross-section and a
straight line located parallel to the neutral axis at a distance 𝑎 = 𝛽1 𝑐 from the
fibre of maximum compressive strain.
ii) Distance 𝑐 shall be measured in a direction perpendicular to that axis.

ii) Calculate equivalent stress block factors.

𝛼1 = 0.85 − 0.0015𝑓 ′ 𝑐 ≥ 0.67

(2-17)

𝛽1 = 0.97 − 0.0025𝑓 ′ 𝑐 ≥ 0.67

(2-18)

4) Approximate the level of stress in the tensile FRP reinforcement (𝑓𝑓 ). For an
over-reinforced FRP RC beam (𝑓𝑓 < 𝑓𝑓𝑢 ), where 𝑓𝑓𝑢 is the ultimate tensile
strength of the FRP reinforcement.

5) Calculate FRP tensile force.
𝑇 = 𝐴𝑓 𝑓𝑓

(2-19)

6) Calculate concrete compression force in terms of 𝑐.
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𝐶 = 𝛼1 𝛽1 𝑏𝑓′𝑐 𝑐

(2-20)

7) Equate forces 𝑇 and 𝐶 to determine neutral axis depth.
𝑐 = 𝐴𝑓 𝑓𝑓 /𝛼1 𝛽1 𝑏𝑓′𝑐

(2-21)

8) Determine strain in FRP reinforcement (𝜀𝑓 ) using similar triangles.
𝑑−𝑐
𝜀𝑓 = 𝜀𝑐𝑢 × (
)
𝑐

(2-22)

9) Calculate stress level in the FRP reinforcement.
𝑓𝑓 = 𝜀𝑓 𝐸𝑓

(2-23)

10) Check calculated stress in FRP reinforcement from step 9 equals assumed
stress from step 4. If stress levels are different, use an iterative process by
assuming a new level of stress in the reinforcement and repeat from step 4
until equal.

11) Check step 1, by ensuring FRP RC beam is over-reinforced with calculated
stress level (step 9) is less than ultimate tensile strength of FRP reinforcement
(𝑓𝑓𝑢 ). If 𝑓𝑓 > 𝑓𝑓𝑢 , redo calculations by assuming an under-reinforced FRP RC
beam (FRP reinforcement governs the failure).

12) Calculate flexural strength/nominal moment capacity of FRP RC beam.

𝑀𝑛 = 𝑇 (𝑑 −

𝛽1 𝑐
𝛽1 𝑐
) = 𝐴𝑓 𝑓𝑓 (𝑑 −
)
2
2

(2-24)
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Under-Reinforced FRP RC Beam

For an under-reinforced FRP RC beam, the FRP reinforcement reaches the ultimate
tensile strength before strain in the concrete reaches the ultimate limit of 𝜀𝑐𝑢 =
0.0035.
1) Assume a concrete strain (𝜀𝑐 ) below ultimate limit of 0.0035 (𝜀𝑐 < 0.0035).
2) Set strain and tensile strength in FRP reinforcement to ultimate limits
(𝜀𝑓 = 𝜀𝑓𝑢 and 𝑓𝑓 = 𝑓𝑓𝑢 ).

3) Since ultimate compressive strain is not attained, equivalent stress block
factors can be calculated from Collins and Mitchell (1997).

𝛽1 =

𝜀
4−𝜀𝑐

𝑐𝑢

2𝜀
6− 𝜀 𝑐
𝑐𝑢

𝜀𝑐 1 𝜀𝑐 2
𝜀𝑐𝑢 − 3 (𝜀𝑐𝑢 )
𝛼1 =
𝛽1

(2-25)

(2-26)

4) Calculate FRP tensile force.
𝑇 = 𝐴𝑓 𝑓𝑓𝑢

(2-27)

5) Calculate concrete compression force in terms of 𝑐.
𝐶 = 𝛼1 𝛽1 𝑏𝑓 ′ 𝑐 𝑐

(2-28)

6) Equate forces 𝑇 and 𝐶 to determine neutral axis depth.
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𝑐 = 𝐴𝑓 𝑓𝑓𝑢 /𝛼1 𝛽1 𝑏𝑓′𝑐

(2-29)

7) Determine concrete strain on extreme compression fibre using similar
triangles.
𝑐
)
𝑑−𝑐

𝜀𝑐 = 𝜀𝑓𝑢 × (

(2-30)

8) Check calculated concrete strain from step 7 equals assumed concrete strain
from step 2. If concrete strains are different, use an iterative process by
assuming a new level of concrete strain in step 2 and repeat from step 3 until
equal.

9) Calculate flexural strength/moment capacity of FRP RC beam.

𝑀𝑛 = 𝑇 (𝑑 −

𝛽1 𝑐
𝛽1 𝑐
) = 𝐴𝑓 𝑓𝑓𝑢 (𝑑 −
)
2
2

(2-31)

2.3.3.2 Shear Strength
Section 8.4.4 of CSA (2012) outlines the requirements for calculation of shear
resistance of an FRP RC beam. The shear resistance of a member reinforced with
longitudinal FRP reinforcement and FRP stirrups shall be calculated by,
𝑉𝑟 = 𝑉𝑐 + 𝑉𝑠𝐹

(2-32)

where 𝑉𝑟 is total shear resistance, 𝑉𝑐 is shear resistance provided by concrete and 𝑉𝑠𝐹
is shear resistance provided by FRP stirrups

For members with steel stirrups, shear resistance shall be calculated by,
𝑉𝑟 = 𝑉𝑐 + 𝑉𝑠𝑠

(2-33)
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where 𝑉𝑠𝑠 is shear resistance provided by steel reinforcement (stirrups)
However, the shear resistance 𝑉𝑟 shall not be greater than,
𝑀𝑑𝑐 𝑉𝑓
𝑉𝑟,𝑚𝑎𝑥 = 0.22∅𝑐 𝑓′𝑐 𝑏𝑤 𝑑𝑣 + 0.5𝑉𝑝 + [
]
𝑀𝑓

(2-34)

where ∅𝑐 is resistance factor for concrete, taken as 0.65, 𝑓′𝑐 is specified concrete
compressive strength, 𝑏𝑤 is width of FRP RC beam, 𝑑𝑣 is effective shear depth,
taken as the greater of 0.9𝑑 or 0.72ℎ, 𝑑 is effective depth, ℎ is height of beam, 𝑉𝑓 is
factored shear force, 𝑀𝑓 is factored moment, 𝑉𝑝 is component in the direction of the
applied shear of the effective prestressing force and 𝑀𝑑𝑐 is decompression moment.
For sections having an effective depth less than 300 mm, with no applied axial force,
calculation of shear resistance provided by concrete (𝑉𝑐 ) can be determined using
Equation (2-35).
1

𝑉𝑐 = 0.05𝜆∅𝑐 𝑘𝑚 𝑘𝑟 𝑓′𝑐 3 𝑏𝑤 𝑑𝑣

(2-35)

where 𝑘𝑚 = √𝑉𝑓 𝑑⁄𝑀𝑓 ≤ 1.0, 𝑘𝑟 = 1 + (𝐸𝐹 𝜌𝐹𝑤 )1/3 , 𝐸𝐹 is elastic modulus of FRP
reinforcement and 𝜌𝐹𝑤 is longitudinal FRP reinforcement ratio.
However,

0.11∅𝑐 √𝑓′𝑐 𝑏𝑤 𝑑𝑣 ≤ 𝑉𝑐 ≤ 0.22∅𝑐 √𝑓′𝑐 𝑏𝑤 𝑑𝑣

(2-36)

Finally, for calculation of 𝑉𝑐 , 𝑓′𝑐 shall not be taken greater than 60 MPa.
For FRP RC beams with transverse reinforcement perpendicular to the longitudinal
axis, shear resistance shall be determined using Equations (2-37) and (2-38) for FRP
stirrups (𝑉𝑠𝐹 ) and steel reinforcement stirrups (𝑉𝑠𝑠 ), respectively.
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𝑉𝑠𝐹 =

0.4∅𝐹 𝐴𝐹𝑣 𝑓𝐹𝑢 𝑑𝑣
𝑐𝑜𝑡𝜃
𝑠

(2-37)

where ∅𝐹 is resistance factor for FRP reinforcement, taken as 0.75 for nonprestressed reinforcement, 𝐴𝐹𝑣 is area of FRP shear reinforcement perpendicular of
the axis of a member within the distance, 𝑠, 𝑓𝐹𝑢 is ultimate tensile strength of FRP
reinforcement, 𝑠 is spacing of shear reinforcement and 𝜃 is the angle of the diagonal
compressive stress.

𝑉𝑠𝑠 =

∅𝑠 𝐴𝑣 𝑓𝑦 𝑑𝑣
𝑐𝑜𝑡𝜃
𝑠

(2-38)

where ∅𝑠 is resistance factor for steel reinforcement, taken as 0.85, 𝐴𝑣 is area of steel
reinforcement perpendicular to the axis of a member within the distance, 𝑠 and 𝑓𝑦 is
the yield strength of steel reinforcement.
For when FRP stirrups are used for shear resistance, 𝑓𝐹𝑢 shall not exceed 0.005𝐸𝐹
and 𝜃 shall be calculated as,
𝜃 = 30° + 7000𝜀𝐼

(2-39)

𝑀𝑓
( ) + (𝑉𝑓 − 𝑉𝑝 ) + 0.5𝑁𝑓 − 𝐴𝑝 𝑓𝑝𝑜
𝑑
𝜀𝐼 = 𝑣
2(𝐸𝐹 𝐴𝐹 + 𝐸𝑝 𝐴𝑝 )

(2-40)

where

where 𝑉𝑝 is component in the direction of the applied shear of the effective
prestressing force, 𝑁𝑓 is factored axial load normal to the cross-section occurring
simultaneously with 𝑉𝑓 , 𝐴𝑝 is area of prestressing tendons, 𝑓𝑝𝑜 is stress in
prestressing tendon when strain in the surrounding concrete is zero, 𝐴𝐹 is area of
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FRP tension reinforcement, 𝐸𝑝 is elastic modulus of prestressing tendon and 𝐴𝑝 is
area of prestressing tendons.

2.3.4

Summary of Formula for Calculation of Bending and Shear Resistance for
FRP RC Beams

Table 2-6 and Table 2-7 report a summary of the equations required to calculate the
flexural and shear strength, respectively, according to the FRP design
recommendations ACI (2015) and CSA (2012),

Table 2-6 Flexural Strength Summary
FRP Design
Guidelines

Failure Mode

Concrete Crushing

𝑴𝒏
𝜌𝑓 𝑓𝑓 (1 − 0.59

(ACI 2015)

𝜌𝑓 𝑓𝑓
) 𝑏𝑑 2
𝑓 ′𝑐

FRP Rupture

𝐴𝑓 𝑓𝑓𝑢 (𝑑 −

𝛽1 𝑐𝑏
)
2

Concrete Crushing

𝐴𝑓 𝑓𝑓 (𝑑 −

𝛽1 𝑐
)
2

FRP Rupture

𝐴𝑓 𝑓𝑓𝑢 (𝑑 −

(CSA 2012)

𝛽1 𝑐
)
2

Table 2-7 Shear Strength Summary
Shear Resistance by Stirrups

FRP Design

Shear Resistance by

Guideline

Concrete

FRP Stirrups*

Steel*

(ACI 2015)

2
√𝑓′𝑐 𝑏𝑤 𝑐
5

𝐴𝑓𝑣 𝑓𝑓𝑣 𝑑
𝑠

𝐴𝑣 𝑓𝑦 𝑑
𝑠

0.4∅𝐹 𝐴𝐹𝑣 𝑓𝐹𝑢 𝑑𝑣
𝑠

∅𝑠 𝐴𝑣 𝑓𝑦 𝑑𝑣
𝑠

1

0.05𝜆∅𝑐 𝑘𝑚 𝑘𝑟 𝑓′𝑐 3 𝑏𝑤 𝑑𝑣
(CSA 2012)
For sections with effective
depth less than 300 mm
* For shear resistance provided by FRP/steel stirrups perpendicular to the axis
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2.4
2.4.1

Behaviour of Simply Supported Beams Reinforced with FRP Bars
General

The performance of simply supported beams reinforced with internal FRP
reinforcement under static loading has been widely investigated. Previous research
mostly investigated the flexural behaviour of doubly reinforced FRP RC beams with
CFRP or GFRP reinforcement bars with transverse reinforcement (Barris et al. 2009,
Alsayed 1998, Rafi et al. 2007, Ashour and Habeeb 2008). Other areas of importance
include the serviceability and calculation of deflection using existing models for
effective moment of inertia for FRP RC beams (Al-Sunna et al. 2005, Yost et al.
2003, Toutanji and Saafi 2000) including the model provided by FRP design
recommendation ACI (2015), which is based on work conducted by Bischoff et al.
(2009). Also, the behaviour of normal and high strength concrete with FRP bars has
had limited studies to highlight the effect concrete strength has on the performance of
FRP RC beams (El-Nemr et al. 2013, Getzlaf 2012, Kalpana and Subramanian 2011,
Adam et al. 2015). The following section outlines the flexural behaviour,
serviceability and the effect of normal and high concrete strength on the performance
of FRP RC beams with a summary provided of the research investigated.
2.4.2

Flexural Behaviour of Beams Reinforced with FRP Bars

The flexural behaviour of RC beams reinforced with FRP bars is different compared
to steel RC beams. This has to do with the significant variations in the mechanical
and physical properties of FRP and conventional steel reinforcement. As previously
noted, FRP is a linear-elastic material whereas steel reinforcement is ductile. Thus,
the preferred failure mode of FRP RC beams is concrete crushing, as the beam
experiences some form of “ductility” and plastic behaviour before failure. Rupture of
the FRP bars in tension can be catastrophic and may occur without any warning and
hence should be avoided. Hence, the flexural design philosophy of FRP reinforced
RC beams differs from that of traditional steel reinforced beams. For traditional steel
reinforced RC beams, yielding of steel before reaching the moment capacity is
essential as it provides ductility and warning of failure. Therefore, the FRP design
guidelines recommended that concrete crushing govern the design for FRP RC
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beams. Furthermore, FRP RC beams display significantly larger deflections and
crack widths compared to that of steel RC beams as a result of the mechanical
properties primarily due to the low modulus of elasticity of FRP reinforcement. A
significant amount of research has been conducted in this area, by analysing the
flexural behaviour of simply supported FRP RC beams under static loading (Barris et
al. 2009, Alsayed 1998, Rafi et al. 2007, Ashour and Habeeb 2008).

Rafi et al. (2007) experimentally tested the flexural behaviour of four RC beams
under simply supported conditions (four point bending); two controlled RC beams
with steel reinforcement and two reinforced with CFRP reinforcement bars. The
compressive strength was classified as normal strength, varying between 42 MPa to
47 MPa. All RC beams were 2000 mm long (clear span of 1750 mm), with a
rectangular cross-section of 120 x 200 mm as shown in Figure 2-17. Shear
reinforcement was provided in the form of steel, spaced evenly at 100 mm centres for
prevention of shear failure. The FRP RC beams were designed according to ACI
(2003) and thus there failure mode was classified as over-reinforced (concrete
crushing governs). Whilst the steel RC beams were designed as under-reinforced to
ensure a ductile failure.

Figure 2-17 Details of FRP RC Beams under Static Loading (Rafi et al. 2007)

Conclusions drawn from the experimental results showed that regardless of the
reinforcement type, all tested specimens displayed crack patterns that were quite
similar in nature at different loading points including, 15 kN, 20 kN and 35 kN. Also,
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the crack spacing at failure (between 77 mm and 100 mm) was shown to be fairly
consistent with the spacing of the shear reinforcement. Flexural cracks were
identified initially, appearing between the two loading points, with additional webshear cracks detected within the shear zone, closer towards the supports as the load
increased. The CFRP RC beams displayed good bond between the reinforcement
bars and concrete, with no signs of bond failure or slip. A bi-linear load-deflection
relationship was observed for all RC beams, with lower post-cracking bending
stiffness for the CFRP RC beams as shown in Figure 2-18. Controlled specimens
failed due to steel yielding (at loads of 40.1 kN and 41.9 kN), whereas the CFRP RC
beams failed due to concrete crushing at loads of 88.9 kN and 86.5 kN. The increase
in load was due to the significant larger tensile strength of the CFRP bars (1676
MPa) compared to that of the steel reinforcement (530-566 MPa).

Deflections were predicted using the modified form for the effective moment of
inertia equation to account for FRP reinforcement, according to “Building Code
Requirements for Structural Concrete” (ACI 2002). Predicted deflections
overestimated the stiffness of the CFRP RC beams and therefore under-predicted
deflections compared to experimental deflections as reported in Table 2-8. Finally,
the CFRP RC beams deflected more than the steel beams due to the low elastic
modulus of the CFRP reinforcement.

Figure 2-18 Load-Deflection Behaviour of Beams (Rafi et al. 2007)
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Table 2-8 Experimental and Theoretical Deflections (Rafi et al. 2007)
Deflection
Beam

Experimental

Theoretical

BRS1

3.80

3.55

BRS2

3.88

3.39

BRC1

16.26

13.13

BRC2

15.56

12.77

Alsayed (1998) studied the flexural behaviour of twelve RC beams under four point
loading; four groups with three specimens with varying material properties. Group
one (group A) had the control specimens, manufactured with conventional steel
reinforcement and designed to failure by yielding of the steel reinforcement. The
remaining nine FRP RC beams (group B, C, and D) were designed to be overreinforced with GFRP reinforcement bars, with their flexural strength determined to
be similar to that of group one beams. Beams in the corresponding group were
manufactured identically. Cross-section and reinforcement details of the beams are
shown in Figure 2-19. Normal strength concrete within the range of 31 to 41 MPa
was used. A numerical computer model was prepared to predict the load-deflection
behaviour. Load-deflection responses obtained from the computer model were
compared to with load-deflection experimental data, as well as the code provisions
titled “Building Code Requirements for Reinforced Concrete and Commentary”
(ACI 1995). As noted by Alsayed (1998), Faza and GangaRao (1992) proposed
modifications to the effective moment of inertia equation used for steel RC beams
provided by ACI (1995) to account for the FRP reinforcement, which was also used
for comparative analysis with experimental data.
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Figure 2-19 Cross-Section and Reinforcement Details for Beams (Alsayed 1998)

The experimental results obtained showed that GFRP reinforcement is a suitable
substitute and alternative option over steel reinforcement. The average loaddeflection behaviour of the GFRP RC beams displayed a bi-linear relationship (pre
and post-cracking) as shown in Figure 2-20 for group C. At the point of cracking, the
authors observed a sharp drop in load which they attributed to the low elastic
modulus of GFRP reinforcement. This is also shown in Figure 2-20 by the
enlargement of the initial portion of the load-deflection curve. The controlled
specimens were initially designed as under-reinforced and shown to fail by yielding
of the steel reinforcement, followed by compression failure (concrete crushing on the
top surface). However all the GFRP RC beams were designed as over-reinforced and
thus failure was caused by concrete crushing. This type of failure was shown to be
not sudden, where the authors acknowledged that it would have been if GFRP
reinforcement rupture governed.
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Figure 2-20 Load-Deflection Relationship for Series C Beams (Alsayed 1998)

Conclusions drawn from the experimental testing showed that the load-deflection
model developed for steel reinforcement as provided in ACI (1995) gave quite
distinctive result; errors into the range of 70%, whereas the model by Faza and
GangRao (1992) gave errors in the range of less than 15%. Faza and GangRao
(1992) modifications to account for the FRP reinforcement showed to provide higher
quality outcomes but Alsayed (1998) suggested more experimental data is required
for different scenarios, including loading cases and material properties of the FRP
and different reinforcement arrangements (single, double layer). The numerical
approach produced results very similar to that of the experimental results. Errors
between predicted cracking and actual cracking were in the vicinity of 20%, and 10%
for the service load deflection. This alternative approach could be beneficial for
designers as it takes into account material properties of the type of fibre being used.
Due to different composite materials having a linear stress-strain relationship, the
model may be suitable for beams reinforced by other FRP materials that were not
experimentally tested including aramid FRP and carbon FRP.

Ashour and Habeeb (2008) experimentally investigated the flexural behaviour of two
simply supported (three point bending) RC beams with CFRP bars and validated the
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results using FRP design recommendations according to ACI (2006) in terms of
flexural strength (ultimate moment capacity) and mid-span deflection. The CFRP RC
beams were 200 mm in width and 300 mm in height, with a span of 2750 mm, as
shown in detail in Figure 2-21. The main parameter examined was the influence of
the reinforcement ratio on the CFRP RC beams under loading (𝜌𝑓 = 0.16 - 0.42%).
Test specimens were doubly reinforced, with shear reinforcement provided at 140
mm centres to prevent shear failure. The average concrete compressive strength at
the time of experimental testing was 27 MPa. The empirical formula (Equation
(2-41)) for three point bending was used to calculate the mid-span deflection (∆) of
the CFRP RC beams to compare with experimental results, with the effective
moment of inertia (𝐼𝑒 ) calculated using ACI (2006). The two CFRP RC beams were
designed to be under-reinforced, that is fail by CFRP reinforcement rupture.

∆=

𝑃𝐿3
48𝐸𝑐 𝐼𝑒

(2-41)

where, 𝐸𝑐 is the modulus of elasticity of concrete, 𝐼𝑒 is the effective moment of
inertia, 𝐿 is the length between supports and 𝑃 is the applied load.

Figure 2-21 Test Set-up and Cross-Section Details of Simply Supported Beams
(Ashour and Habeeb 2008)
47

Chapter 2: Literature Review

Results observed by the authors showed rupture of the CFRP tensile reinforcement
bars, before the assumed maximum concrete strain was reached on the top surface
(indicating an under-reinforced design). Failure was imminent, with no prior warning
of collapse. The load-deflection behaviour was bi-linear until failure, with high precracking bending stiffness, before a decrease in the load-deflection rate, as shown in
Figure 2-23. As the load increased, an increase in the number of flexural cracks was
observed, as well as a decrease in crack spacing and an increase in crack width. Load
carrying capacity and mid-span deflection ranged from 64.4-93.3 kN and 22.5-29.1
mm, respectively.

Figure 2-22 CFRP Rupture of Beam C-S-2 (Ashour and Habeeb 2008)

Figure 2-23 Experimental Load-Deflection Behaviour (Ashour and Habeeb 2008)
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It was concluded that increasing the CFRP tensile reinforcement ratio from 𝜌𝑓 =
0.16% to 𝜌𝑓 = 0.42% increased load carrying capacity (𝑃𝑢 ) of the FRP RC beams
by 45% and decreased mid-span deflection (∆𝑒𝑥𝑝 ) by 23%. The FRP design
recommendation, ACI (2006) underestimated the mid-span deflection compared with
experimental results as reported in Table 2-9. However, experimental and theoretical
data were very accurate in terms of load carrying capacity (𝑃𝑛 /𝑃𝑢 = 0.84 and
𝑃𝑛 /𝑃𝑢 = 0.95 for CFRP RC beams C-S-1 and C-S-2, respectively). The authors
acknowledged that more experimental research is required to verify predicted
concepts including more investigation into the de-bonding of CFRP bars from the
concrete under flexural bending.

Table 2-9 Comparisons between Experimental and Theoretical Results (Ashour and
Habeeb 2008)
Experimental Data
Beam

(ACI 2006)

Comparison

𝑷𝒖 (𝐤𝐍)

∆𝒆𝒙𝒑 (𝐦𝐦)

𝑷𝒏 (𝐤𝐍)

∆ (𝐦𝐦)

𝑷𝒏 /𝑷𝒖

∆/∆𝒆𝒙𝒑

C-S-1

93.3

22.5

78.30

13.3

0.84

0.59

C-S-2

64.4

29.1

61.43

19.4

0.95

0.67

Note: Mid-span deflection data reported in Table 2-9 according to ACI (2006) was
determined for the experimental load carrying capacity, 𝑃𝑢 . 𝑃𝑛 is the nominal load
carrying capacity calculated according to ACI (2006).

Barris et al. (2009) studied the flexural behaviour of RC beams, internally reinforced
with GFRP reinforcement bars. Six pairs of GFRP RC beams (twelve in total) were
designed and manufactured, and tested under four point bending. The main
parameters investigated included the reinforcement ratio (1.0% to 2.7%), and the
effective depth to height ratio (0.74-0.86). The width of the GFRP RC beams varied
between 140 mm and 160 mm, with the depth and length kept constant at 190 mm
and 2050 mm, respectively. The GFRP reinforcement bars had a higher than normal
elastic modulus (63-64 GPa). Shear reinforcement was used in the form of steel
stirrups, with diameter of 8 mm at 70 mm, from centre to centre within the shear
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spans. This was to ensure flexural failure was the governing failure mode, with no
stirrups positioned in the constant moment region. Geometric and reinforcement
details of the GFRP RC beams are shown in Figure 2-24. Concrete strength varied
for each pair of GFRP RC beams (from 40 to 62 MPa). Parameters measured and
reported included load using a hydraulic jack, at a rate of 0.8 mm/min, mid-span
deflection, with linear variable differential transducers positioned at each support and
mid-span, strain in the concrete and GFRP reinforcement bars and failure mode.
Existing models for calculation of deflection at service and ultimate loads were used
to compare with experimental data including ACI (2006), Bischoff (2009), Eurocode
2 (2004), Toutanji and Saafi (2000) and Faza and GangRao (1992). Also, equations
provided in ACI (2006) and Eurocode 2 (2004) were used to compare with
experimental results in terms of load carrying capacity.

Figure 2-24 Geometric and Reinforcement Details of GFRP RC Beams (Barris et al.
2009)

The study revealed that the two main variables examined (reinforcement ratio and
effective depth-to-height-ratio) had a major influence of the behaviour of the GFRP
RC beams under static loading. One notable outcome was that larger mid-span
deflections were observed for the GFRP RC beams with lower reinforcement ratios.
A bi-linear load-deflection relationship of pre-cracking and post-cracking behaviour
for all GFRP RC beams until failure occurred, with deflection increasing at a faster
rate once cracking initiated. Deflections were shown to be relatively large at failure,
ranging from 32.5 mm to 52.2 mm. Initially, cracking was predominately vertical, in
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the pure flexure region, with inclination of cracks forming in the shear span region
towards the centre region as the load gradually increased. Concrete crushing was the
dominant failure mode experienced by the GFRP RC beams as shown in Figure 2-25.
This was the failure mode initially designed for and was calculated using the
balanced reinforcement ratio (𝜌𝑓𝑏 ) using ACI (2006) and Pilakoutas et al. (2002), to
ensure it was lower than the reinforcement ratio (𝜌𝑓 ) as reported in Table 2-10.
However, some “ductility” was present prior to total collapse, indicating overreinforced GFRP RC beams had some form of plastic behaviour, with a
deformability factor shown to be greater than 4 as recommended (15.2-46.9).

Figure 2-25 Concrete Crushing of a GFRP RC Beam (Barris et al. 2009)

Table 2-10 Balanced, Minimum and Actual Reinforcement Ratios (Barris et al. 2009)
Beam

𝝆𝒇𝒃 (%)

𝝆𝒇 (%)
(ACI 2006)

(Pilakoutas et al. 2002)

C-212-D1

0.99

0.25

0.45

C-216-D1

1.78

0.45

0.79

C-316-D1

2.67

0.45

0.79

C-212-D2

0.99

0.22

0.36

C-216-D2

1.78

0.47

0.84

C-316-D2

2.67

0.47

0.84

The nominal load carrying capacity using ACI (2006) and Eurocode 2 (2004) were
used to compare with experimental load carrying capacity. As reported in Table
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2-11, the average ratio of experimental load carrying capacity to nominal load
carrying capacity was shown to be 1.51 and 1.17 according to ACI (2006) and
Eurocode 2 (2004) analysis, respectively. The authors note that the Eurocode 2
(2004) provides more accurate data in relation to load for the tested GFRP RC beams
and also suggest that the major difference in terms of nominal and ultimate loads
could be attributed to the higher compressive strains obtained during testing (ranging
from 0.0042 to 0.0047), which is higher than the maximum usable compressive strain
of 0.003 (ACI 2006) and 0.0035 (Eurocode 2 2004). In terms of serviceability, up to
service loads, it was shown that the different existing models provided no major
difference compared to experimental data as shown in Figure 2-26 for a GFRP RC
beam. However, the equations for effective moment of inertia by ACI (2006),
Eurocode 2 (2004) and Bischoff (2009) provided the highest accuracy compared to
Toutanji and Saafi (2000) and Faza and GangRao (1992). Moreover, at higher loads,
mid-span deflection was under-predicted due to the non-linearities with the loaddeflection behaviour with GFRP reinforcement.

Table 2-11 Theoretical and Ultimate Loads (Barris et al. 2009)
𝑷𝒖 ⁄𝑷𝒏

Beam
(ACI 2006)

(Eurocode 2 2004)

C-212-D1

1.53

1.16

C-216-D1

1.53

1.17

C-316-D1

1.52

1.16

C-212-D2

1.47

1.22

C-216-D2

1.55

1.18

C-316-D2

1.48

1.13

Mean

1.51

1.17
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Figure 2-26 Experimental vs. Predicted Load-Deflection of a GFRP RC Beam
(Barris et al. 2009)
2.4.3

Serviceability of Beams Reinforced with FRP Bars

The behaviour of FRP RC beams is well known to have little post-cracking bending
stiffness due to the low elastic modulus of the FRP material compared to steel
reinforcement. As a result, serviceability of FRP RC beams including deflection and
cracking are the main concern. This is reiterated in ACI (2015) which documents that
the serviceability can ultimately control the design. There has been extensive
research into the serviceability behaviour of FRP RC beams (Al-Sunna et al. 2005,
Toutanji and Saafi 2000, Yost et al. 2003). Primarily, these studies focused on
developing or modifying existing formulas, including the effective moment of inertia
model, initially created by Branson (1965) for steel RC beams to account for the
differences in mechanical and physical properties of FRP reinforcement. The
traditional formula for 𝐼𝑒 proposed by Branson (1965) has shown to underestimate
deflection for FRP RC members as its original use is for conventional steel
reinforcement (Mousavi and Esfahani 2012). Not only previous research, but the
FRP design recommendation ACI (2015) provides formula for calculation of
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effective moment of inertia based on studies conducted by Bischoff et al. (2009).
This model has shown to provide reasonable accuracy for deflection for FRP RC
beams.

Yost et al. (2003) investigated the deflection behaviour of RC beams internally
reinforced with GFRP reinforcement. The aim of the research was to evaluate the
effective moment of inertia equation (𝐼𝑒 ) provided by ACI (2001) with experimental
data, including modifications to the existing model. A comprehensive study was
conducted with forty eight simply supported beams GFRP RC beams experimentally
tested under static loading (four point bending) and categorised into four groups (NS,
HS, NL, HL), dependent on the compressive strength of the concrete, shear span to
depth ratio and reinforcement ratio. No compressive or shear reinforcement was
provided. The GFRP RC beams were all designed to be over-reinforced to fail by
concrete crushing. Test setup and cross-sectional details of the GFRP RC beams are
shown in Figure 2-27.

Figure 2-27 Test Setup and Cross-Sectional Details of GFRP RC beams (Yost et al.
2003)

Experimental results showed that the effective moment inertia provided by ACI
(2001) overestimated deflection compared to the experimental data obtained for the
over-reinforced GFRP RC beams. However, improvements for the equation provided
by ACI (2001) improved as the ratio of 𝜌𝑓 /𝜌𝑓𝑏 increased (Figure 2-28). From the
test series, the experimental results showed that the current effective moment of
inertia equation over-estimated and thus mid-span deflection was under-estimated.
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Thus the authors recommended a change to the reduction coefficient based on the
current experimental data. ACI (2001) recommends 𝛼𝑏 = 0.5 as the bond coefficient
between FRP reinforcement and concrete but Yost et al. (2003) suggested that based
on the test specimens this factor should be reduced and dependent on the
reinforcement (𝜌𝑓 ) and balanced reinforcement ratio (𝜌𝑓𝑏 ), and to a lesser degree, the
𝜌

strength of concrete and depth of the beam, that is 𝛼𝑏 = 0.064 (𝜌 𝑓 ) + 0.13. The
𝑓𝑏

effective moment of inertia equation with the modified bond coefficient can be seen
in Equation (2-42), with 𝛼𝑏 calculated from linear regression using the collected
experimental data. The authors concluded by acknowledging the work done is
restricted to only GFRP reinforcement and other types of FRP may provide overall
different results.

Figure 2-28 Service Load-Deflection Results (Yost et al. 2003)

𝐸𝑓
𝑀𝑐𝑟 3
𝑀𝑐𝑟 3
𝐼𝑒 = (
) × 𝐼𝑔 × (𝛼𝑏 ) × ( + 1) + [1 − (
) ] × 𝐼𝑐𝑟 ≤ 𝐼𝑔
𝑀𝑎
𝐸𝑠
𝑀𝑎

(2-42)

Al-Sunna et al. (2005) studied the serviceability of twelve FRP RC beams, with the
addition of two conventional RC beams with steel reinforcement, under four point
bending. The main variables in the study were the reinforcement ratio (ranging from
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0.286% to 3.91%) and the type of longituindal reinforcement (glass FRP and carbon
FRP reinforcement). FRP RC beams had cross-sectional dimensions of 150 mm by
250 mm, with a total length of 2550 mm (clear span length of 2300 mm). Shear
reinforcement was provided in the form of steel reinforcement, with diameter of 8
mm and spacing evenly only throughout the shear spans at a spacing of 75 mm.
Geometric and reinforcement details of the FRP RC beams is shown in Figure 2-29.
Three different failure modes including rupture of the FRP bars, balanced failure and
concrete crushing were investigated, with under-reinforced sections designed for the
steel RC beams, to allow yielding of the steel reinforcement. A 600 kN hydraulic
jack and steel loading beam was used in the testing apparatus, to provide two equally
concentrated loads, 600 mm apart. Five linear variable displacement transducers
(LVDT) were used to measure deflection, including mid-span deflection and
deflection at the two loading points. Concrete strain was measured using a LVDT
positioned on the top surface, at the mid-span of the FRP and steel RC beams.
Experimental results were used to compare with already known existing models for
effective moment of inertia provided by ACI (2003), ACI (2002) and a newly
proposed method which is a modification of the effective moment of inertia equation
provided by Benmokrane et al. (1996).

Figure 2-29 Geometric and Reinforcement Details of the Test Beams (Al-Sunna et al.
2005)
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From the experimental results, the equation for the effective moment of inertia
provided by Branson (1965) showed good agreement with the experimental data for
the control specimens, but the form of 𝐼𝑒 provided by ACI (2003) underestimated the
predicted deflection for all the FRP RC beams. The new modification factor, 𝛼 in
Equation (2-43) for the bond between the composite material and concrete helped in
improving the reduction in the cracking moment of inertia for various types of FRPs
(as previously used in Benmokrane et al. (1996), 𝛼 = 0.84). The factor, 𝛽𝑑 was also
adjusted based on the experimental results obtained and found to be an exponential
function of the reinforcement ratio and the elastic modulus of the FRP reinforcement
(previously it was a fixed value of 𝛽𝑑 = 7). Overall the modifications done to
Equation (2-43) showed to provide relatively good agreement with the tested FRP
RC beams, as shown in Figure 2-30, which displays the results for a tested GFRP RC
beam with a reinforcement ratio of 0.40%. However the authors acknowledged that
more data and investigation is required to validate the proposed model with
additional testing of FRP RC beams.
𝑀𝑐𝑟 3
𝐼𝑒 = 𝛼𝐼𝑐𝑟 + (𝛽𝐼𝑔 − 𝛼𝐼𝑐𝑟 ) (
)
𝑀𝑎

(2-43)

where,
𝛼

= Bond dependent coefficient, 0.90, 0.85, 1.0 for GFRP, CFRP and steel,
Respectively

𝛽

𝜌𝑓 𝐸𝑓 1.2

= Reduction coefficient, 0.1𝑒 330(

𝐸𝑠

)
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Figure 2-30 Experimental Load-Deflection Response with Proposed Equation for a
GFRP RC Beam (Al-Sunna et al. 2005)

Toutanji and Saafi (2000) experimentally tested the flexural behaviour of six GFRP
RC beams under four point bending. Each group of beams consisted of two identical
beams, with varying reinforcement ratios (0.52% to 1.10%) and different design
failure modes including balanced failure and concrete crushing. Concrete strength
was kept constant for all GFRP RC beams, at 35 MPa. The test beams had identical
cross-sections (180 mm wide, 300 mm deep) with a total length of 3000 mm. Steel
reinforcement was used for shear reinforcement and spaced evenly at 100 mm centre
to centre within the shear span as shown in Figure 2-31. Not only stirrups, but also
steel was also used for compressive reinforcement. Parameters measured included
crack width, load carrying capacity and mid-span deflection. Toutanji and Saafi
(2000) modified the existing effective moment of inertia model developed by
Branson (1965), by noting that the existing value for the exponent, 𝑚 = 3 should be
increased and the equation should be a function of the reinforcement ratio and
modulus of elasticity of the FRP reinforcement, since the mechanical properties vary
significantly to that of steel reinforcement, see Equation (2-44), Equation (2-45) and
Equation (2-46).
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Figure 2-31 Experimental Setup and Details of Test Beams (Toutanji and Saafi 2000)

If

𝑀𝑐𝑟 𝑚
𝑀𝑐𝑟 𝑚
𝐼𝑒 = (
) 𝐼𝑔 + [1 − (
) ] 𝐼𝑐𝑟 ≤ 𝐼𝑔
𝑀𝑎
𝑀𝑎

(2-44)

𝐸𝑓𝑟𝑝
10𝐸𝑓𝑟𝑝
𝜌𝐹𝑅𝑃 < 0.30 then 𝑚 = 6 −
𝜌𝑓𝑟𝑝
𝐸𝑠
𝐸𝑠

(2-45)

𝐸𝑓𝑟𝑝
𝜌
≥ 0.30 then 𝑚 = 3
𝐸𝑠 𝑓𝑟𝑝

(2-46)

If

where 𝐸𝑓𝑟𝑝 is elastic modulus of FRP reinforcement, 𝐸𝑠 is elastic modulus of steel
reinforcement, 𝜌𝑓𝑟𝑝 is longitudinal FRP reinforcement ratio.

Conclusions drawn from the experimental study showed that the original equation
provided by Branson (1965) overestimated the effective moment of inertia with
GFRP reinforcement bars provided and this was evident as the reinforcement ratio
decreased. The changes in the equation to account for the reinforcement ratio and
elastic modulus of the GFRP reinforcement showed more preferable outcomes which
were in agreement with experimental results, see Figure 2-32 for a series of three of
the GFRP RC beams. Recommendations include more experimental tests to be
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completed for a variety of cross-sectional shapes as the proposed equations are only
suitable for rectangular beams under flexural bending.

Figure 2-32 Comparison between Proposed Model and Experimental Data for
Moment-Curvature Relationship of GFRP RC beams (Toutanji and Saafi 2000)

Other proposed forms for calculating effective moment of inertia include ACI
(2015), which is a section-based expression developed by Bischoff et al. (2009). The
formula includes an integration factor, 𝛾 which is based on the loading condition
(three point bending, four point bending, uniform distributed load etc.) and boundary
conditions (simply supported, fixed etc.). The integration factor accounts for the
stiffness along the FRP RC beam. ACI (2015) recommends using this effective
moment of inertia equation (Equation (2-47)) for calculation of immediate deflection.
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𝐼𝑒 =

𝐼𝑐𝑟
𝑀 2
𝐼
1 − 𝛾 ( 𝑀𝑐𝑟 ) [1 − 𝐼𝑐𝑟 ]
𝑎
𝑔

≤ 𝐼𝑔

(2-47)

where, 𝛾 = 1.7 − 0.7(𝑀𝑐𝑟 ⁄𝑀𝑎 ) for four point bending, and 𝛾 = 3 − 2(𝑀𝑐𝑟 ⁄𝑀𝑎 ) for
three point bending, 𝐼𝑔 is gross moment of inertia and 𝐼𝑐𝑟 is crack transformed
section.

2.4.4

Effect of Normal Strength and High Strength Concrete Beams Reinforced
with FRP Bars

In the previous studies, the concrete strength used in combination with internal FRP
reinforcement under static loading has been predominantly either normal strength
concrete (Alsayed 1998, Ashour and Habeeb 2008, Rafi et al. 2007, Al-Sunna et al.
2005, Toutanji and Saafi 2000) or high strength concrete (Barris et al. 2009). As
previously discussed, Yost et al. (2003) used both normal and high strength concrete,
but the main focus was on other factors including the serviceability of FRP RC
beams. However, only a limited number of studies systematically investigated the
influence and effect of normal and high strength concrete on the behaviour of FRP
RC beams under flexural bending (El-Nemr et al. 2013, Kalpana and Subramanian
2011, Getzlaf 2012, Adam et al. 2015).

Kalpana and Subramanian (2011) experimentally tested RC beams reinforced with
GFRP reinforcement bars with the main parameters being the reinforcement ratio
(1.0-2.4%) and compressive strength of the concrete; normal and high strength
concrete (20 MPa, 40 MPa and 60 MPa). Three GFRP RC beams were constructed
for each of the three concrete strengths with reinforcement ratios of approximately
1.0%, 1.6% and 2.4%. GFRP RC beams dimensions were 1800 mm in length with a
rectangular cross-section of 200 mm x 250 mm as shown in Figure 2-33. Shear
reinforcement was used in the form of steel stirrups with 100 mm centres. Parameters
investigated included the load-deflection behaviour, failure mode and crack width at
different load levels. The GFRP RC beams were tested under four point bending and
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designed to fail by concrete crushing (over-reinforced section) in accordance with
ACI (2006). Also, ACI (2006) was used to calculate the nominal load carrying
capacity, 𝑃𝑛 to compare with experimental load carrying load carrying capacity, 𝑃𝑢 .
Furthermore, an analytical model using ANSYS was developed to test the structural
behaviour of the GFRP RC beams.

Figure 2-33 Cross-Section Details and Test Setup of GFRP RC Beams (Kalpana and
Subramanian 2011)

Experimental results showed that the concrete strength influenced more on
increasing the load carrying capacity of the GFRP RC beams compared to reducing
mid-span deflection. As shown and reported in Figure 2-34 and Table 2-13,
respectively, increasing concrete strength from 20 to 60 MPa showed to increase load
carrying capacity by 53%, 67% and 62% for reinforcement ratios of 1.0%, 1.6% and
2.4%, respectively. However, the influence of concrete strength on load carrying
capacity was shown to be not as drastic when increased from 40 MPa to 60 MPa,
especially at lower reinforcement ratios, including 1.0% (increase of only 8.7%) and
for 2.4%, increase of 17.2%. In terms of increasing GFRP reinforcement ratio, by
keeping the concrete strength constant, load carrying capacity increased, as reported
in Table 2-12.
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Load Carrying Capacity (kN)
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Figure 2-34 Effect of Concrete Strength on Load Carrying Capacity (Kalpana and
Subramanian 2011)

Table 2-12 Effect of Reinforcement Ratio on Load Carrying Capacity (Kalpana and
Subramanian 2011)
Concrete Strength (MPa)

Change in GFRP
Reinforcement Ratio

20

40

60

𝝆𝒇 = 𝟏. 𝟎% → 𝟏. 𝟔%

11.6% Increase

17.4% Increase

20% Increase

𝝆𝒇 = 𝟏. 𝟎% → 𝟐. 𝟒%

28.8% Increase

26% Increase

36% Increase

𝝆𝒇 = 𝟏. 𝟔% → 𝟐. 𝟒%

16.7% Increase

7.4% Increase

13.3% Increase

Table 2-13 Effect of Concrete Strength on Load Carrying Capacity (Kalpana and
Subramanian 2011)
Concrete Strength (MPa)

GFRP Reinforcement
Ratio

20→40

20→60

40→60

𝝆𝒇 = 𝟏. 𝟎%

41% Increase

53% Increase

8.7% Increase

𝝆𝒇 = 𝟏. 𝟔%

50% Increase

67% Increase

11% Increase

𝝆𝒇 = 𝟐. 𝟒%

38% Increase

62% Increase

17.2% Increase
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The effect of concrete strength was shown to predominately decrease mid-span
deflection, regardless of the reinforcement ratio When concrete strength increased
from 20 to 60 MPa, a decrease of 20% in mid-span deflection was observed for
𝜌𝑓 = 1.0%, compared to 16.3% and 4.7% for 𝜌𝑓 = 1.6% and 2.4%, respectively,
see Figure 2-35 and Table 2-14. An increase in mid-span deflection was observed for
higher reinforcement ratios when concrete strength increased from 20 MPa to 40
MPa. For 𝜌𝑓 = 1.6% and 𝜌𝑓 = 2.4%, mid-span deflection increased 1.0% and 8.1%,
respectively. In terms of a change in GFRP reinforcement ratio as reported in Table
2-15, by keeping the concrete strength constant and increasing the amount of tensile
reinforcement, mid-span deflection decreased, especially with normal strength
concrete (20 MPa), between 3.6%-21%, compared to 2%-13.6% and 2%-7.2% for 40
MPa and 60 MPa concrete strength, respectively.

Table 2-14 Effect of Concrete Strength on Mid-Span (Kalpana and Subramanian
2011)
GFRP
Reinforcement

Concrete Strength (MPa)
20→40

20→60

40→60

𝝆𝒇 = 𝟏. 𝟎%

0.7% Decrease

20% Decrease

19.6% Decrease

𝝆𝒇 = 𝟏. 𝟔%

1% Increase

15% Decrease

16% Decrease

𝝆𝒇 = 𝟐. 𝟒%

8.1% Increase

4.7% Decrease

12% Decrease

Ratio

Table 2-15 Effect of Reinforcement Ratio on Mid-Span Deflection (Kalpana and
Subramanian 2011)
Concrete Strength (MPa)

Change in GFRP
Reinforcement Ratio

20

40

60

𝝆𝒇 = 𝟏. 𝟎% → 𝟏. 𝟔%

3.6% Decrease

2% Decrease

2% Increase

𝝆𝒇 = 𝟏. 𝟎% → 𝟐. 𝟒%

21% Decrease

13.6% Decrease

5.3% Decrease

𝝆𝒇 = 𝟏. 𝟔% → 𝟐. 𝟒%

18% Decrease

12% Decrease

7.2% Decrease
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Figure 2-35 Effect of Concrete Strength on Mid-Span Deflection (Kalpana and
Subramanian 2011)

As previously mentioned, Kalpana and Subramanian (2011) calculated the nominal
load carrying capacity as per the FRP design recommendation ACI (2006).
Theoretical results were shown to be very conservative compared to the experimental
load carrying capacities as reported in Table 2-16. The average of the nominal load
carrying capacity to experimental load carrying capacity was shown to be 0.68. Other
results from the experimental program showed that larger crack widths were
observed for the normal strength GFRP RC beams. However, the cracks reduced in
size as the strength of the concrete increased. Also, the failure mode of all the GFRP
RC beams was by concrete crushing on the top surface. The finite element model
displayed reasonable accurate results for the load-deflection behaviour of the GFRP
RC beams and the predicted mid-span deflections from the model were in good
agreement with the experimental data. The authors concluded by stating that the use
of high strength concrete results in better performance of the GFRP RC beams in
terms of load carrying capacity and mid-span deflection.
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Table 2-16 Comparisons of Load Carrying Capacities (Kalpana and Subramanian
2011)
𝑷𝒏 (𝐤𝐍)

𝑷𝒖 (𝐤𝐍)

(ACI 2006)

Experimental

M20-D16

54.01

81.5

0.66

M20-D20

62.83

90

0.70

M20-D24

70.22

105

0.67

M40-D16

75.86

115

0.66

M40-D20

91.08

135

0.67

M40-D24

103.3

145

0.71

M60-D16

78.04

125

0.62

M60-D20

106.83

150

0.71

M60-D24

121.97

170

0.72

Beam

Mean

𝑷𝒏 /𝑷𝒖

0.68

El-Nemr et al. (2013) experimentally investigated the flexural and serviceability
behaviour of twelve normal and high strength GFRP RC beams, with two control
specimens reinforced with traditional steel reinforcement. The RC beams were
simply supported, tested under four point bending, with cross-sectional properties of
200 mm by 400 mm, with a total length of 4250 mm as shown in Figure 2-36. On the
day of testing, normal strength concrete ranged between 29-34 MPa, and for high
strength concrete, between 59.1 MPa and 73.4 MPa. Different exterior surface
textures of GFRP reinforcement were used, including sand coated and helically
grooved. Shear reinforcement in the form of 10 mm diameter steel reinforcement
bars was applied within the shear span and constant moment zone of the RC beams at
100 mm centres and 300 mm centres, respectively to prevent shear failure. The
GFRP RC beams were designed to be classified as over-reinforced, to ensure a
concrete crushing failure mode governed. A 500 kN hydraulic actuator was used to
apply a monotonically increasing load, at a rate of 0.6 mm/min, with five LVDT’s
installed at various positions including mid-span, underneath point loads and centre
of shear spans. The main test parameters included the concrete compressive strength,
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reinforcement ratio and bar diameter. The test data was organised and analysed in
terms of serviceability (including mid-span deflection and crack width) and failure
mode of the test specimens. Experimental results, including crack width, mid-span
deflection and load carrying capacity were compared to with existing FRP design
recommendations including CSA (2002), ISIS (2007) and ACI (2006).

Figure 2-36 Test Specimen Details and Instrumentation and Testing (El-Nemr et al.
2013)

The effect of concrete strength was shown to have an influence on the overall
behaviour of the GFRP RC beams under four point bending including load,
deflection and bending stiffness. Results showed that the load-deflection response
displayed a bi-linear relationship up to failure. At post-cracking, bending stiffness
reduced, however higher stiffness was observed for the GFRP RC beams with higher
strength concrete compare to the normal strength specimens. Not only bending
stiffness, but an increase in concrete strength from 29-33.5 MPa to 59.1-73.4 MPa
increased the average cracking moment by 63% (for normal strength concrete,
cracking moment ranged from 12.2 to 14.15 kNm and for high strength concrete,
17.49 to 23.78 kNm). In terms of cracking, it was reported that by increasing the
reinforcement ratio and strength of concrete resulted in more cracks at failure, but the
width of the cracks ultimately reduced. The sand coated GFRP RC beams showed
smaller crack widths compared to that of the helically grooved GFRP RC beams. By
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keeping the reinforcement ratio fixed and increasing the concrete strength from
normal to high strength, showed a slight reduction in the strain experienced by the
GFRP reinforcement bars at post-cracking. A reproduction of the relationship
between mid-span deflection and 𝜌𝑓 /𝜌𝑓𝑏 for normal and high strength concrete can
be seen in Figure 2-37 and Figure 2-38, respectively. The authors noted that the midspan deflection reduced as the ratio of 𝜌𝑓 to 𝜌𝑓𝑏 increased, at both 0.3𝑀𝑢 and
0.67𝑀𝑢 . Finally, load carrying capacity was shown to increase (between 1.5% to
54%) for higher strength concrete (increase in strength of roughly 100%) at the same
reinforcement ratio and same type of GFRP reinforcement as reported in Table 2-17
for multiple GFRP RC beams.

In terms of reinforcement ratio, an increase in the amount of longitudinal
reinforcement showed to increase the load carrying capacity of the GFRP RC beams
with both normal and high strength concrete. For the normal strength concrete GFRP
RC beams, a mean increase of 83.5% in load carrying capacity was determined when
the reinforcement ratio increased approximately three to four times. This was also
evident in the high strength concrete GFRP RC beams, where an increase in load
carrying capacity of 28% and 116% was observed when the reinforcement ratio
increased from 0.36% to 1.47% and from 0.55% to 1.78%, respectively.

Table 2-17 Effect of Concrete Strength on Load Carrying Capacity (El-Nemr et al.
2013)
Concrete Strength

Beam

𝝆𝒇 (%)

N&H2#13G2

0.36

23% Increase

N&H3#13G1

0.55

1.5% Increase

N&H5#15G2

1.47

38% Increase

N&H6#15G1

1.78

54% Increase

29-33.5 →59.1-73.4 MPa
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Mid-Span Deflection (mm)
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Figure 2-37 Mid-Span Deflection versus 𝜌𝑓 /𝜌𝑓𝑏 for Normal Strength Concrete (ElNemr et al. 2013)
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Figure 2-38 Mid-Span Deflection versus 𝜌𝑓 /𝜌𝑓𝑏 for High Strength Concrete (ElNemr et al. 2013)
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The guidelines for designing beams reinforced with FRP including ISIS (2007), CSA
(2002) and ACI (2006) were used to compare load carrying capacity (Table 2-19)
and mid-span deflection at two different loading points, 0.3𝑀𝑢 and 0.67𝑀𝑢 with
experimental results. As reported in Table 2-18, for ACI (2006), the author’s
recognised that predicted deflections were predominately underestimated and unconservative at both loading points, with mean values of ∆𝑒𝑥𝑝 ⁄∆𝑝𝑟𝑒𝑑 > 1;
∆𝑒𝑥𝑝 ⁄∆𝑝𝑟𝑒𝑑 = 1.17 and ∆𝑒𝑥𝑝 ⁄∆𝑝𝑟𝑒𝑑 = 1.03 at 0.3𝑀𝑢 and 0.67𝑀𝑢 , respectively.
However, the ratio (∆𝑒𝑥𝑝 ⁄∆𝑝𝑟𝑒𝑑 ) improved at higher loading levels (0.67𝑀𝑢 ). But
conservative results were obtained for CSA (2002) and ISIS (2007), with mean
values of ∆𝑒𝑥𝑝 ⁄∆𝑝𝑟𝑒𝑑 < 1 determined for both the two loading points. For CSA
(2002), mean values of ∆𝑒𝑥𝑝 ⁄∆𝑝𝑟𝑒𝑑 = 0.76 and 0.92 were calculated for 0.3𝑀𝑢 and
0.67𝑀𝑢 , respectively and according to ISIS (2007), ∆𝑒𝑥𝑝 ⁄∆𝑝𝑟𝑒𝑑 = 0.80 and 0.93 for
0.3𝑀𝑢 and 0.67𝑀𝑢 , respectively.
Table 2-18 Experimental and Predicted Deflections (El-Nemr et al. 2013)

Beam

Measured

∆𝒆𝒙𝒑⁄∆𝒑𝒓𝒆𝒅

∆𝒆𝒙𝒑⁄∆𝒑𝒓𝒆𝒅

∆𝒆𝒙𝒑 ⁄∆𝒑𝒓𝒆𝒅

Deflection (mm)

(ACI 2006)

(ISIS 2007)

(CSA 2002)

0.3𝑴𝒖

0.67𝑴𝒖

0.3𝑴𝒖

0.67𝑴𝒖

N2#13G2

15.07

48.35

1.65

1.17

0.75

0.99

0.7

0.96

N3#13G1

15.38

41.31

1.17

0.97

0.82

0.87

0.76

0.85

N5#15G2

10.98

28.95

1.29

1.28

1.06

1.19

1.03

1.18

N6#15G1

9.43

27.34

0.95

1.05

0.79

0.97

0.76

0.97

N5#15G3

7.92

23.69

0.87

0.92

0.66

0.84

0.63

0.83

N2#25G3

13.15

36.82

1.10

1.03

0.79

0.94

0.76

0.93

H2#13G2

19.92

54.45

2.14

1.10

0.82

0.87

0.75

0.85

H3#13G1

10.75

39.56

0.84

0.83

0.60

0.81

0.54

0.79

H5#15G2

13.15

35.18

1.09

1.05

0.84

0.96

0.81

0.96

H6#15G1

13.10

37.19

0.94

1.03

0.81

0.95

0.75

0.94

H5#15G3

9.53

25.13

0.96

1.00

0.82

0.92

0.79

0.92

H2#25G3

14.19

33.96

1.01

0.97

0.88

0.90

0.84

0.89

1.17

1.03

0.80

0.93

0.76

0.92

Mean

0.3𝑴𝒖 0.67𝑴𝒖 0.3𝑴𝒖 0.67𝑴𝒖
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Table 2-19 Experimental and Nominal Moment Capacities (El-Nemr et al. 2013)
Beam

𝑴𝒖 ⁄𝑴𝒏

𝑴𝒖

(𝐤𝐍. 𝐦) (ACI 2006)

(CSA 2002)

N2#13G2

82.78

0.94

0.87

N3#13G1

81.34

0.89

0.82

N5#15G2

129.32

0.98

0.93

N6#15G1

118.34

0.89

0.84

N5#15G3

110.58

0.82

0.77

N2#25G3

115.93

0.81

0.76

0.89

0.83

Mean
H2#13G2

101.59

0.91

0.82

H3#13G1

82.58

0.77

0.77

H5#15G2

178.54

0.95

0.90

H6#15G1

181.73

0.93

0.88

H5#15G3

188.37

0.95

0.90

H2#25G3

189.06

0.90

0.85

Mean

0.90

0.85

Overall Mean

0.91

0.85

Adam et al. (2015) experimentally investigated the flexural behaviour of ten RC
beams, reinforced with locally produced glass fibre reinforcement bars under four
point bending. One controlled specimen with conventional steel reinforcement was
used for comparative analysis. The main variables studied included the concrete
compressive strength (three different grades, including normal strength (25 and 45
MPa) and high strength concrete (70 MPa)), reinforcement ratio and material type
(GFRP reinforcement and steel reinforcement). These variables were used to analyse
the effect of mid-span deflection, crack width and strain in the GFRP reinforcement
bars. The amount of tensile reinforcement used allowed for two failure modes to
govern, concrete crushing and GFRP reinforcement rupture. The GFRP RC beams
had a rectangular cross-section of 120 mm by 300 mm, and 2800 m in total length,
with shear reinforcement provided in the form of 8 mm diameter steel links, and
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spaced at 150 mm centres, with details of test specimens shown in Figure 2-39.
Analytical work was also conducted to simulate and model the load-deflection
behaviour and crack pattern of the GFRP RC beams to allow comparisons with
experimental results. This was achieved through modifications to the ACI (2006)
model for the effective moment of inertia equation using regression analysis of the
data collected from experimental testing (proposed model). This modification was
compared with experimental data, and already existing models available in ACI
(2006), ISIS (2007) and CSA (2002) including the proposed model. Other existing
models were compared with but were not included in this summary.

Figure 2-39 Tested Beams Geometry and Details (Adam et al. 2015)

From the experimental results, the failure mechanism of the GFRP RC beams was
shown to be dependent on the reinforcement ratio. The GFRP RC beams designed to
have a lower or close reinforcement ratio to the balanced reinforcement ratio failed in
tension due to the rupture of the GFRP reinforcement bars (Figure 2-40(a)), with
concrete crushing occurring for the over-reinforced GFRP RC beams as shown in
Figure 2-40(b). A bi-linear load-deflection relationship was shown up to failure, with
the crack section causing the overall stiffness of the GFRP RC beams to significantly
reduce, resulting in higher deflections. However, the over-reinforced GFRP RC
beams with the highest amount of tensile reinforcement showed some ductility prior
to failure compared to the under-reinforced GFRP RC beams. Crack patterns were
observed to be predominantly flexural with cracks propagating initially in the
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constant moment region with new formed cracks appearing as the load increased.
The existing/initial cracks continued to expand throughout the height of the GFRP
RC beams. Following, the formation of new cracks decreased at very high load
levels, with significantly widening of initial cracks. Also, authors acknowledged that
the locations of cracks were at the position of the steel reinforcement stirrups.

(a) Concrete Crushing

(b) GFRP Rupture

Figure 2-40 Failure Modes of GFRP RC Beams (Adam et al. 2015)

The effect of concrete strength showed that by increasing it from 25 MPa to 45 MPa
(80% increase), crack width reduced by 52%, compared to a reduction of 80% when
concrete strength increased from 25 MPa to 70 MPa (180% increase). The effect of
reinforcement ratio was shown to have more effect when the design of the GFRP RC
beam changed from GFRP rupture/balanced failure to concrete crushing. For the
GFRP RC beams with concrete strength of 70 MPa, load carrying capacity increased
by 57% for the increase in reinforcement ratio from 0.92% to 1.56% (since the
failure mode changed) compared to only 9.3% when the reinforcement ratio
increased from 1.56% to 2.48%. Strains in the concrete were shown to range from
0.29% to 0.66%. The authors acknowledged these are higher than the assumed
maximum useable compressive strain as assumed in ACI (2006). GFRP tensile
reinforcement bars recorded strains within 0.012 to 0.0177, which was around 60 to
90% the maximum rupture strain.

In terms of serviceability, the existing models for calculating the effective moment of
inertia according to ACI (2006), ISIS (2007), CSA (2002) and the proposed model
were used at two different load levels (at the serviceability limit state, 𝑀𝑠𝑒𝑟 , 40% of
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failure moment and at a higher load level, four times the cracking moment, 4𝑀𝑐𝑟 ) to
compare with experimental results. As reported in Table 2-20, at these two
corresponding loading levels, the existing models predominately under-estimated
mid-span deflections. The average ratio of predicted mid-span deflection to
experimental mid-span deflection was very consistent in all three existing models at
high levels of loading (4𝑀𝑐𝑟 ), with a mean reading ranging from 0.67-0.69. The
proposed model provided the most accurate data at both loading levels, with mean
readings of 1.01 and 1.07 for 𝑀𝑠𝑒𝑟 and 4𝑀𝑐𝑟 , respectively. They concluded that the
material properties of the GFRP reinforcement bar, especially elastic modulus and
the reinforcement ratio are the key factors in controlling deflection.

Table 2-20 Experimental and Predicted Deflections (Adam et al. 2015)
Measured

∆𝒑𝒓𝒆𝒅 ⁄∆𝒆𝒙𝒑

∆𝒑𝒓𝒆𝒅 ⁄∆𝒆𝒙𝒑

∆𝒑𝒓𝒆𝒅 ⁄∆𝒆𝒙𝒑

(ACI 2006)

(ISIS 2007)

(CSA 2002)

Deflection
Beam

(mm)

∆𝒑𝒓𝒆𝒅 ⁄∆𝒆𝒙𝒑
Proposed
Model

𝑴𝒔𝒆𝒓

4𝑴𝒄𝒓

𝑴𝒔𝒆𝒓

4𝑴𝒄𝒓 𝑴𝒔𝒆𝒓

4𝑴𝒄𝒓

𝑴𝒔𝒆𝒓

𝟒𝑴𝒄𝒓 𝑴𝒔𝒆𝒓 𝟒𝑴𝒄𝒓

A25-1

29.7

76.43

0.77

0.83

1.03

0.86

1.07

0.88

0.96

1.31

A25-2

24.85

55.1

0.74

0.70

0.91

0.73

0.94

0.74

0.99

1.11

A25-3

22.6

38.94

0.73

0.68

0.81

0.70

0.83

0.71

1.07

1.08

A45-1

17.9

77.83

0.87

0.69

1.16

0.70

1.21

0.71

1.04

1.10

A45-2

22.2

58.06

0.85

0.64

0.86

0.65

0.89

0.65

1.06

1.03

A45-3

21.86

44.58

0.70

0.61

0.74

0.62

0.76

0.62

1.06

0.99

A70-1

22.8

63.95

0.66

0.59

0.77

0.60

0.80

0.61

0.86

0.95

A70-2

25.7

34.63

0.68

0.67

0.71

0.68

0.73

0.70

1.04

1.07

A70-3

21.71

34.9

0.67

0.60

0.69

0.60

0.71

0.61

1.05

0.97

0.74

0.67

0.86

0.68

0.88

0.69

1.01

1.07

Mean

Getzlaf (2012) investigated the flexural behaviour of GFRP RC beams under both
three and four point bending. The main objectives were to critically compare
experimental results with current FRP design recommendations including ACI
(2006) and CSA (2012) in terms of flexure strength and serviceability (deflection and
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crack width). Sixteen RC beams were cast, reinforced with different glass fibre
reinforcement bars from various manufacturers including Hughes Brothers (A),
Pultrall (B) and Schock (C), with the following variables examined; longitudinal
reinforcement ratio (0.4-1.9%), transverse reinforcement ratio (0.48-0.95%), failure
mode (balanced, GFRP rupture, concrete crushing), normal and high concrete
strength (at ninety days, normal strength concrete was measured as 41.4 MPa, and
for high strength concrete, 80.9 MPa) and type of GFRP reinforcement bar. GFRP
RC beams had rectangular cross-sections of 200 by 325 mm, and were 3620 mm in
total length. The GFRP RC beams were designed to be classified as over-reinforced
(concrete crushing), under-reinforced (GFRP rupture) and balanced failure. Sectional
and member analysis was conducted to model the GFRP RC beams for loaddeflection behaviour using Response 2000 to compare with experimental data.

According to Getzlaf (2012), Habeeb and Ashour (2008) proposed a crack stiffness
reduction factor (𝛾𝑑 ) to the effective moment of inertia equation provided by ACI
(2006) (Equation (2-48)). However, this reduction factor, which was initially
𝛾𝑑 = 0.6 and for continuous beams, was shown to over-predict deflection for the
GFRP RC beams in Getzlaf (2012). As a result, Getzlaf (2012) developed a database
of literature from previous researchers including the sixteen GFRP RC beams to
improve the validity of the crack stiffness factor. Regression analysis was conducted
and found that a more suitable modification of 𝛾𝑑 = 0.8 was recommended for
design purposes, which could be used for simply supported FRP RC beams.
𝑀𝑐𝑟 3
𝑀𝑐𝑟 3
𝐼𝑒 = (
) 𝛽𝑑 𝐼𝑔 + [1 − (
) ] 𝛾𝑑 𝐼𝑐𝑟 ≤ 𝐼𝑔
𝑀𝑎
𝑀𝑎

(2-48)

The effect of modifying the concrete strength from normal to high strength was
investigated and shown to be highly dependent on the longitudinal reinforcement
ratio. For the GFRP RC beams initially designed as under-reinforced (GFRP rupture
governs), with a reinforcement ratio of 0.5%, it was observed that the load carrying
capacity only increased by 6% when concrete strength increase from 41.4 to 80.9
MPa. Getzlaf (2012) acknowledged that the reason for this minor change is because
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the failure mode is governed and dependent on the material properties of the GFRP
reinforcement bar. However, for the over-reinforced GFRP RC beams, the author
acknowledged that increasing the concrete strength is most beneficial when higher
reinforcement ratios are used or the governing failure mode is concrete crushing. For
a reinforcement ratio of 1.0%, it was observed that the ratio of high strength load
carrying capacity to normal strength load carrying capacity was 1.43, 1.31 and 1.27
for the three different GFRP bar manufacturers, Hughes Brothers, Pultrall and
Schock, respectively as reported in Table 2-21. Similar readings were observed for
the GFRP RC beams with a reinforcement ratio of 2.0% (1.31 and 1.61 using GFRP
reinforcement bars by Pultrall and Schock, respectively).

Table 2-21 Effect of Normal and High Strength Concrete Strength (Getzlaf 2012)
First Peak Load (kN)
Beam

40 MPa

80 MPa

𝑷𝑯𝑺𝑪 ⁄𝑷𝑵𝑺𝑪

XX-A-1.0

140.3

200.5

1.43

XX-B-1.0

155.8

204.2

1.31

XX-B-2.0

180.2

251.2

1.39

XX-C-1.0

152.0

193.7

1.27

XX-C-2.0

159.3

256.3

1.61

Table 2-22 Effect of Increasing Concrete Strength (Getzlaf 2012)
𝟒𝟏. 𝟒 𝐌𝐏𝐚 → 𝟖𝟎. 𝟗 𝐌𝐏𝐚
Bar Manufacturer

𝝆𝒇 (%)

𝑷𝒖 (kN)

∆𝒆𝒙𝒑 (mm)

Hughes Brothers

0.5

6% Increase

16% Increase

Hughes Brothers

1.0

43% Increase

42% Increase

Pultrall

1.0

31% Increase

28% Increase

Schock

1.0

27% Increase

35% Increase

Pultrall

2.0

39% Increase

40% Increase

Schock

2.0

61% Increase

60% Increase
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Conclusions observed showed that the failure modes of the GFRP RC beams can be
accurately predicted using sectional analysis for steel reinforcement. The overreinforced GFRP RC beams showed to be of a more favourable failure compared to
the rupture of the GFRP reinforcement bars (under-reinforced). Also, Response 2000
(Bentz 2000) was shown to be a highly accurate form of software that can model the
load-deflection behaviour of RC beams reinforced with glass fibre, as well as
predicting the failure mode. The results obtained were more favourable for load
carrying capacity, with an average ratio of nominal load (𝑃𝑛 ) to experimental load
carrying capacity (𝑃𝑢 ) reported 1.01, that is 𝑃𝑛 /𝑃𝑢 = 1.01, and a standard deviation
of 7%. Whereas, mid-span deflection results were un-conservative and shown to
under-predict, with a mean reading of the ratio of the deflection from Response 2000
(∆𝑝𝑟𝑒𝑑 ) to the experimental deflection (∆𝑒𝑥𝑝 ) being less than 1, that is ∆𝑝𝑟𝑒𝑑 /∆𝑒𝑥𝑝 =
0.81. Table 2-23 reports a summary of experimental results and Response 2000
predictions. Getzlaf (2012) noted that by incorporating the modification factor,
𝛾𝑑 = 0.8 into the effective moment of inertia equation provided in ACI (2006), the
ratio of predicted deflection to experimental deflection improved for the GFRP RC
beams in the test series and the 80 beams from previous literature from a mean of
79% to 98% and for CSA (2012), 80% to 100%. Finally, an increase in concrete
strength was only beneficial when the reinforcement ratio was also increased.
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Table 2-23 Response 2000 Predictions (Getzlaf 2012)
Experimental

Response 2000
𝑷𝒏 /𝑷𝒖

∆𝒑𝒓𝒆𝒅 /∆𝒆𝒙𝒑

72.8

0.972

0.798

147.4

69.7

1.050

0.905

75.1

154.4

64.7

0.991

0.861

180.2

58.6

170.5

53.8

0.946

0.918

40-C-1.03

110.8

69.0

115.9

50.8

1.046

0.736

40-C-1.0

152.0

73.7

158.3

64.8

1.042

0.879

40-C-2.03

132.4

45.3

135.1

40.9

1.021

0.903

40-C-2.0

159.3

49.8

184.6

53.1

1.159

1.066

80-A-0.5

94.0

106.0

91.6

71.1

0.975

0.671

80-A-1.0

200.5

109.0

189.7

79.1

0.946

0.726

80-A-2.0

234.8

88.8

216.7

67.1

0.923

0.756

80-B-1.0

204.2

96.1

203.5

74.8

0.996

0.779

80-B-2.0

251.2

81.8

228.9

61.9

0.911

0.756

80-C-0.5

122.0

131.2

139.7

98.5

1.145

0.751

80-C-1.0

193.7

99.7

208.1

73.8

1.074

0.740

80-C-2.0

256.3

79.8

247.1

60.8

0.964

0.762

1.01

0.81

𝑷𝒖

∆𝒆𝒙𝒑

𝑷𝒏

∆𝒑𝒓𝒆𝒅

(𝐤𝐍)

(𝐦𝐦)

(𝐤𝐍)

(𝐦𝐦)

40-A-0.5

88.6

91.2

86.1

40-A-1.0

140.3

77.0

40-B-1.0

155.8

40-B-2.0

Beam

Mean

A research summary into the current literature reviewed is reported in Table 2-24 and
Table 2-25. Data collected included cross-sectional details, tensile reinforcement
area, FRP reinforcement material, concrete compressive strength, elastic modulus of
FRP, load carrying capacity, mid-span deflection and failure mode.
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2.4.5

Research Summary
Table 2-24 Summary of Test Specimen Details

Authors

Beam

𝒃 × 𝒉

𝑳

𝑨𝒇

(mm × mm)

(mm)

(mm2)

Concrete
FRP

Strength
(MPa)

𝑬𝒇
(GPa)

(Rafi et al.

BRC1

120 × 200

1750

142

C

43

135.9

2007)

BRC2

120 × 200

1750

142

C

42

135.9

(Ashour and

C-S-1

200 × 300

2750

226

C

26.9

200

Habeeb 2008)

C-S-2

200 × 300

2750

88

C

27.5

200

A25-1

120 × 300

G

24.5

b

30

A25-2

120 × 300

2500

163

G

24.5

b

30

A25-3

120 × 300

2500

276

G

24.5b

30

A45-1

120 × 300

2500

163

G

48.0

b

30

A45-2

120 × 300

2500

276

G

48.0b

30

A45-3

120 × 300

2500

452

G

48.0

b

30

A70-1

120 × 300

2500

276

G

74.4b

30

A70-2

120 × 300

2500

452

G

74.4

b

30

A70-3

120 × 300

2500

679

G

74.4b

30

C-212-D1-a

140 × 190

1800

226

G

59.8

63.3

C-212-D1-b

140 × 190

1800

226

G

59.8

63.3

C-216-D1-a

140 × 190

1800

402

G

56.3

64.2

C-216-D1-b

140 × 190

1800

402

G

56.3

64.2

C-316-D1-a

140 × 190

1800

603

G

55.2

64.2

(Barris et al.

C-316-D1-b

140 × 190

1800

603

G

55.2

64.2

2009)

C-212-D2-a

160 × 190

1800

226

G

39.6

63.3

C-212-D2-b

160 × 190

1800

226

G

39.6

63.3

C-216-D2-a

160 × 190

1800

402

G

61.7

64.2

C-216-D2-b

160 × 190

1800

402

G

61.7

64.2

C-316-D2-a

160 × 190

1800

603

G

60.1

64.2

C-316-D2-b

160 × 190

1800

603

G

60.1

64.2

GB1-1

180 × 300

2800

253

G

35

40

GB1-2

180 × 300

2800

253

G

35

40

(Toutanji and

GB2-1

180 × 300

2800

380

G

35

40

Saafi 2000)

GB2-2

180 × 300

2800

380

G

35

40

GB3-1

180 × 300

2800

507

G

35

40

GB3-2

180 × 300

2800

507

G

35

40

(Adam et al.
2015)
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101
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1a,b,c-NS

229 × 286

2134

2 No.6

a

G

36.4

40.3

G

36.4

40.3

2a,b,c-NS

229 × 286

2134

3 No.6

a

3a,b,c-NS

254 × 286

2134

3 No.7

a

G

36.4

40.3

3 No.7

a

G

36.4

40.3

G

40.4

40.3

4a,b,c-NS

229 × 286

2134

1a,b,c-NL

254 × 184

2896

2 No.4

a

2a,b,c-NL

305 × 184

2896

2 No.5

a

G

40.4

40.3

2 No.5

a

G

40.4

40.3

G

40.4

40.3

3a,b,c-NL

241 × 184

2896

(Yost et al.

4a,b,c-NL

203 × 184

2896

2 No.5

a

2003)

1a,b,c-HS

203 × 286

2134

2 No.6

a

G

79.7

40.3

2 No.6

a

G

79.7

40.3

G

79.7

40.3

2a,b,c-HS

(Alsayed 1998)

2134

3a,b,c-HS

165 × 286

2134

2 No.7

a

4a,b,c-HS

203 × 286

2134

3 No.7

a

G

79.7

40.3

2 No.5

a

G

79.6

40.3

G

79.6

40.3

1a,b,c-HL

(Getzlaf 2012)

152 × 286

254 × 184

2896

2a,b,c-HL

191 × 184

2896

2 No.5

a

3a,b,c-HL

152 × 184

2896

2 No.5

a

G

79.6

40.3

a

G

79.6

40.3

4a,b,c-HL

178 × 184

2896

2 No.6

40-A-0.5

200 × 325

3360

253

G

41.4

54.5

40-A-1.0

200 × 325

3360

633

G

41.4

54.5

40-B-1.0

200 × 325

3360

633

G

41.4

57.8

40-B-2.0

200 × 325

3360

993

G

41.4

58.1

40-C-1.03

200 × 325

3360

565

G

41.4

59.1

40-C-1.0

200 × 325

3360

565

G

41.4

59.1

40-C-2.03

200 × 325

3360

1005

G

41.4

58.1

40-C-2.0

200 × 325

3360

1005

G

41.4

58.1

80-A-0.5

200 × 325

3360

253

G

80.9

54.5

80-A-1.0

200 × 325

3360

633

G

80.9

54.5

80-A-2.0

200 × 325

3360

993

G

80.9

50.1

80-B-1.0

200 × 325

3360

633

G

80.9

57.8

80-B-2.0

200 × 325

3360

993

G

80.9

58.1

80-C-0.5

200 × 325

3360

226

G

80.9

59.1

80-C-1.0

200 × 325

3360

565

G

80.9

59.1

80-C-2.0

200 × 325

3360

1005

G

80.9

58.1

B

200 × 210

2700

1134

G

31

45

C

200 × 260

2700

507

G

31

45

D

200 × 250

2700

1134

G

41

45
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BG1b

150 × 250

BG2a

150 × 250

2300

BG2b

150 × 250

2300

BG3a

150 × 250

2300

BG3b

150 × 250

2300

BC1a

150 × 250

2300

BC1b

150 × 250

2300

BC2a

150 × 250

2300

BC2b

150 × 250

2300

BC3a

150 × 250

2300

BC3b

150 × 250

N2#13G2

G

35b

40.8

253

G

35

b

40.8

253

G

35b

40.8

1140

G

35

b

40.8

1140

G

35b

40.8

95

C

35

b

119.75

95

C

35b

119.75

214

C

35

b

122.75

214

C

35b

122.75

380

C

35

b

111.75

2300

380

C

35b

111.75

200 × 400

3750

265

G

29-34

48.7-69

N3#13G1

200 × 400

3750

398

G

29-34

48.7-69

N5#15G2

200 × 400

3750

884

G

29-34

48.7-69

N6#15G1

200 × 400

3750

1060

G

29-34

48.7-69

N5#15G3

200 × 400

3750

884

G

29-34

48.7-69

N2#25G3

200 × 400

3750

981

G

29-34

48.7-69

H2#13G2

200 × 400

3750

265

G

59-73

48.7-69

H3#13G1

200 × 400

3750

398

G

59-73

48.7-69

H5#15G2

200 × 400

3750

884

G

59-73

48.7-69

H6#15G1

200 × 400

3750

1060

G

59-73

48.7-69

H5#15G3

200 × 400

3750

884

G

59-73

48.7-69

H2#25G3

200 × 400

3750

981

G

59-73

48.7-69

M20-D16

200 × 250

1600

402

G

20

55

M20-D20

200 × 250

1600

628

G

20

55

M20-D24

200 × 250

1600

905

G

20

55

(Kalpana and

M40-D16

200 × 250

1600

402

G

40

55

Subramanian

M40-D20

200 × 250

1600

628

G

40

55

2011)

M40-D24

200 × 250

1600

905

G

40

55

M60-D16

200 × 250

1600

402

G

60

55

M60-D20

200 × 250

1600

628

G

60

55

M60-D24

200 × 250

1600

905

G

60

55

(Al-Sunna et al.
2005)

2300

143

Note: No controlled specimens with steel bars are provided, G = Glass fibre, C =
Carbon fibre, Concrete compressive strength is at 28 days or day of testing, 𝐿 = span
length, 𝐴𝑓 = FRP tensile reinforcement area, 𝐸𝑓 = elastic modulus of FRP, a
Insufficient data provided for 𝐴𝑓 , b Cube compressive strength.
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Table 2-25 Summary of Experimental Results of FRP RC Beams
Authors

(Rafi et al. 2007)
(Ashour and Habeeb
2008)

(Adam et al. 2015)

(Barris et al. 2009)

𝑷𝒏

∆𝒆𝒙𝒑

(𝐤𝐍)

(𝐦𝐦)

BRC1

88.9

35.26

Shear Compression

BRC2

86.5

35.50

Compression

C-S-1

93.3

22.5c

CFRP Rupture

C-S-2

64.4

29.1

c

CFRP Rupture

A25-1

45.9

84

GFRP Rupture

A25-2

40.7

55

GFRP Rupture

A25-3

75.2

90

Concrete Crushing

A45-1

55.8

80

GFRP Rupture

A45-2

81.9

85

Concrete Crushing

A45-3

109.8

78

Concrete Crushing

A70-1

84.6

88

GFRP Rupture

A70-2

132.7

95

Concrete Crushing

A70-3

145.1

92

Concrete Crushing

C-212-D1-a

127.4

52.2

Concrete Crushing

C-212-D1-b

118.6

47.3

Concrete Crushing

C-216-D1-a

150.2

40.5

Concrete Crushing

C-216-D1-b

143.4

40.3

Concrete Crushing

C-316-D1-a

164.6

32.5

Concrete Crushing

C-316-D1-b

169.8

34.4

Concrete Crushing

C-212-D2-a

92.3

47.8

Concrete Crushing

C-212-D2-b

85.1

46.3

Concrete Crushing

C-216-D2-a

140.5

45.4

Concrete Crushing

C-216-D2-b

134.9

42.3

Concrete Crushing

C-316-D2-a

144.0

38.6

Concrete Crushing

C-316-D2-b

157.2

Beam

41.9

Concrete Crushing

50.0

d

70

Concrete Crushing

GB1-2

49.2

d

73

Concrete Crushing

GB2-1

54.2d

60

Concrete Crushing

GB2-2

53.6

d

59

Concrete Crushing

GB3-1

59.2d

61

Concrete Crushing

GB3-2

d

62

Concrete Crushing

GB1-1

(Toutanji and Saafi
2000)

Failure Mode

58.8
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(Yost et al. 2003)a

1a,b,c-NS

82.0c

22.3c

Shear

2a,b,c-NS

90.0

c

18.4

c

Shear

3a,b,c-NS

90.8

c

13.1

c

Shear

4a,b,c-NS

94.2c

15.6c

Shear

1a,b,c-NL

99.3

c

c

Shear

2a,b,c-NL

90.6c

43.8c

Shear

3a,b,c-NL

94.4

c

42.8

c

Shear

80.5

c

37.9

c

Shear

76.3

c

20.9

c

Shear

63.2

c

20.1

c

Shear

71.6

c

14.9

c

Shear

4a,b,c-HS

93.8

c

16.5

c

Shear

1a,b,c-HL

92.4c

44.5c

Shear

2a,b,c-HL

91.1

c

c

Shear

3a,b,c-HL

69.8c

32.4c

Shear

4a,b,c-HL

79.2

c

46.2

c

Shear

40-A-0.5

88.6

91.2

GFRP Rupture

40-A-1.0

140.3

77.0

Concrete Crushing

40-B-1.0

155.8

75.1

Concrete Crushing

40-B-2.0

180.2

58.6

Concrete Crushing

40-C-1.03

110.8

69.0

Concrete Crushing

40-C-1.0

152.0

73.7

Concrete Crushing

40-C-2.03

132.4

45.3

Concrete Crushing

40-C-2.0

159.3

49.8

Concrete Crushing

80-A-0.5

94.0

106.0

GFRP Rupture

80-A-1.0

200.5

109.0

Balanced

80-A-2.0

234.8

88.8

Concrete Crushing

80-B-1.0

204.2

96.1

Concrete Crushing

80-B-2.0

251.2

81.8

Concrete Crushing

80-C-0.5

122.0

131.2

GFRP Rupture

80-C-1.0

193.7

99.7

Concrete Crushing

80-C-2.0

256.3

79.8

Concrete Crushing

c

38.2

c

Concrete Crushing

46.6

c

Concrete Crushing

32.2

c

Concrete Crushing

4a,b,c-NL
1a,b,c-HS
2a,b,c-HS
3a,b,c-HS

(Getzlaf 2012)

B
(Alsayed 1998)

a

58.4

c

C

76.96

D

c

80.0

34.3

40.3
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(Al-Sunna et al. 2005)

BG1a

45.5c

40.0c

GFRP Rupture

BG1b

44.8

c

39.9

c

GFRP Rupture

BG2a

78.6

c

45.2

c

Balanced

BG2b

80.7c

48.7c

Balanced

BG3a

111.7

BG3b

117.2c

BC1a
BC1b

26.5c

Concrete Crushing

35.0

c

GFRP Rupture

34.2

c

GFRP Rupture

28.2

c

Balanced

30.3

c

Balanced

23.7

c

Concrete Crushing

23.6

c

Concrete Crushing

104.3

c

122.1

c

BC3b

123.6

c

N2#13G2

120.4d

48.35b

Concrete Crushing

N3#13G1

118.3

d

b

Concrete Crushing

N5#15G2

188.1d

54.45b

Concrete Crushing

N6#15G1

172.1

d

39.56

b

GFRP Rupture

160.8

d

28.95

b

Concrete Crushing

168.6

d

27.34

b

Concrete Crushing

H2#13G2

147.8

d

35.18

b

Concrete Crushing

H3#13G1

120.1d

37.19b

Concrete Crushing

H5#15G2

259.7

d

b

Concrete Crushing

H6#15G1

264.3d

36.82b

Concrete Crushing

H5#15G3

274.0

d

b

Concrete Crushing

H2#25G3

275.0d

33.96b

Concrete Crushing

M20-D16

81.52

12.6

Concrete Crushing

M20-D20

90.0

12.15

Concrete Crushing

M20-D24

105.0

10.0

Concrete Crushing

M40-D16

115.0

12.51

Concrete Crushing

M40-D20

135.0

12.27

Concrete Crushing

M40-D24

145.0

10.81

Concrete Crushing

M60-D16

125.0

10.06

Concrete Crushing

M60-D20

150.0

10.27

Concrete Crushing

M60-D24

170.0

9.53

Concrete Crushing

BC3a

N5#15G3
N2#25G3

Subramanian 2011)

73.6

c

Concrete Crushing

25.1

102.1

BC2b

(Kalpana and

77.9

c

c

c

BC2a

(El-Nemr et al. 2013)

c

41.31

23.69

25.13

a

Note: Data collected from Yost et al. (2003) and Alsayed (1998) shows average
experimental results; b Deflection results according to El-Nemr et al. (2013)
correspond to 0.67𝑀𝑢 ; c Data approximated from load-deflection curves; d Data
modified from experimental moment capacity to load carrying capacity.
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2.5
2.5.1

Impact Response Steel Reinforced Concrete Beams
General

There have been a vast amount of studies investigating the behaviour of RC beams
reinforced with conventional steel reinforcement under impact loading (Chen and
May 2009, Fujikake et al. 2009, Ohnuma et al. 1985, Rostron 2012, Saatci and
Vecchio 2009a, Barr et al. 1982, Dancygier 1997, Kishi et al. 2002, Mylrea 1940,
Hughes and Speirs 1982, Kishi et al. 2001). There are three types of responses that a
RC beam can be subjected to – local response, global response or a combination of
both. Localised failure modes have been described as scabbing (rupture and spalling
of the tensile concrete cover), localised concrete crushing, penetration, inclined shear
cracking around contact zone, typically referred to as a shear “plug” type or localised
dynamic punching shear failure (Zhang et al. 2005, Saatci and Vecchio 2009a,
Miyamoto et al. 1991, May et al. 2005, Kishi et al. 2002, Ho 2004, Sangi 2011). A
shear “plug” type of failure has been proven to occur at higher velocities of impact
(Ohnuma et al. 1985). This type of response results when the majority of energy
from the impact is being dissipated around the impact area. Whereas a global
response represents the bending and deformation response of the RC beams under
impact. These different types of possible failure modes or responses can be seen in
Figure 2-41, as documented in Thabet (1994). However, the global response has been
documented as the main concern for RC beams subjected to impact loading (Hughes
and Beeby 1982).

(a) General Global Response of Contact between Impactor and Beam
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(b) Localised Concrete
Crushing

(c) Scabbing

(d) Shear “Plug”

Figure 2-41 Contact Area Failures for Steel RC Beams (Thabet 1994)

Since the impact behaviour of RC beams is extremely complex compared to that of
the static behaviour, analytical models have been developed to simulate the
behaviour of steel RC beams under impact loading to compare with experimental
results (Fujikake et al. 2009, Hughes and Speirs 1982, Hughes and Beeby 1982).
These models developed included 1DOF (one degree of freedom) and 2DOF mass
spring systems which have allowed for certain parameters of the impact beams to be
calculated, including deformation (maximum dynamic mid-span deflection). Energy
based principles (Fujikake et al. 2009) and impact resistant design procedures using
empirical formulas to determine the extent of damage of steel RC beams (Kishi et al.
2002) have also been conducted. Commercially available finite element analysis
modelling packages (numerical modelling) have also been implemented to solve
impact simulations using available software include ABAQUS, ANSYS and LSDYNA. The FEA packages use a variety of techniques to solve extremely complex
transient impact loading scenarios, with a high degree of accuracy (Ågårdh and Laine
1999, Ando et al. 1999, Ishikawa et al. 2001, Unosson 2001, Sangi 2011).

Available experimental research into the impact response of steel RC beams has been
focused on understanding multiple parameters that affect the general global response
and localised response. These parameters investigated include shear and flexural
mechanisms, impact velocity, cracking response, impact energy and comparisons
between static and impact failure modes. However, the previous studies primarily
investigated the behaviour of RC beams constructed with normal strength concrete.
Only a limited number of studies investigated the impact response of high strength
RC beams reinforced with conventional steel reinforcement (Ågårdh et al. 1999).
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Also, little research has investigated the impact behaviour of RC beams internally
reinforced with FRP reinforcement with normal or high strength concrete (Goldston
et al. 2016). The following section investigates the behaviour of RC beams
reinforced with conventional steel reinforcement under impact loading (Chen and
May 2009, Agardh et al. 1999, Rostron 2012, Saatci and Vecchio 2009a, Sangi 2011)
and analytical evaluation used to develop a relationship and comparison with
experimental results (Fujikake et al. 2009).
2.5.2

Behaviour of Steel Reinforced Concrete Beams

An experimental study conducted by Chen and May (2009) examined the behaviour
of steel RC beams under large mass (98.7 kg)-low velocity (7.3 m/s) impact.
Eighteen RC beams were tested under impact loading, with varying spans, 1.5 m and
2.7 m spans. The geometrical properties of the steel RC beams had lengths of either
1800 mm or 3000 mm, with cross-sectional dimensions of 200 mm by 100 mm as
shown in Figure 2-42. 6 mm diameter steel reinforcement was used for shear
reinforcement, spaced evenly at 200 mm centres. The main variables investigated
included the localised crack pattern, supported conditions (simply supported or pinended), and with impact load, accelerations and reinforcement strain were recorded
to obtained transient time histories. Cube compressive strength ranged between 34 to
50 MPa. A high speed camera was used at a rate of 4500 frames/second to
breakdown the behaviour of the steel RC beams frame by frame. Figure 2-43 shows
the test setup of the drop weight apparatus for impact loading.

(a) Reinforcement Details for 3 m Beam
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(b) Reinforcement Details for 1.8 m Beam

(c) Cross-Sectional Details
Figure 2-42 Test Specimen Details (Chen and May 2009)
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Figure 2-43 Drop Weight Test Setup (Chen and May 2009)
Conclusions from the experimental work showed that there were three distinct failure
modes from the RC beams including flexural failure with some shear cracking (shear
“plug”) in impact area (Figure 2-44 (a)), localised failure underneath the impact with
extensive concrete crushing and yielding of the tensile steel reinforcement (Figure
2-44 (b)) and flexural failure with scabbing of the tensile concrete cover (Figure 2-44
(c)). The end connections (pin-ended and simply supported) did not affect the
behaviour of the RC beams based on similarities between load and time of the test
specimens. But they noticed that that the span length of the beam is a more important
factor in terms of the impact response. No correlation between the concrete strength
and impact load was identified and the authors suggest that this is an important area
that needs further experimental investigation. They conclude by stating the
importance of using a high speed camera because it gives an insight into how the RC
beams behave at certain intervals over time “in terms of cracking, scabbing and
spallation” as shown in Figure 2-45 for a steel RC beam.
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(a) Flexural failure with some shear cracking (shear “plug”)

(b) Extensive Concrete Crushing and Yielding of the Tensile Steel
Reinforcement

(c) Scabbing of the tensile concrete cover
Figure 2-44 Crack Pattern and Failure Modes of Beams (Chen and May 2009)

Figure 2-45 Correlation between Impact Load and Crack Propagation for a Steel RC
Beam (Chen and May 2009)
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Sangi (2011) carried out additional experimental testing of RC beams under impact
loading that were not included in the study conducted by Chen and May (2009). In
total, four steel RC beams were tested in the series with two subjected to three
impact hits of the 98 kg mass drop hammer, with the remaining two subjected to one
single blow. The RC beams under multiple strikes were subjected to initially a height
of 1.5 m (𝑣 = 5.2 m/s), followed by two heights at 1 m (𝑣 = 4.2 m/s). The RC
beams under only one impact were subjected to a falling height of 2.7 m, with a
velocity of 𝑣 = 7.3 m/s. The details of the specimens were identical to the RC
beams constructed by Chen and May (2009) as shown in Figure 2-42 (a). The RC
beams were 3000 mm long, with cross-sectional dimensions of 100 mm by 200 mm,
and simply supported with 150 mm overhang at each end (Figure 2-46). Additional
output parameters were investigated that were not investigated by Chen and May
(2009) including positioning load cells underneath the RC beams at the supports to
measure support reaction forces as shown in Figure 2-47 and using LVDT’s for
measurement of vertical displacement at different locations along the RC beams
(Figure 2-46). Time histories for vertical displacement and reaction forces were
recorded, as well as acceleration-time histories measured using accelerometers along
the surface of the RC beams and impact force measured with a load cell attached to
the drop hammer. The experimental data was used in conjunction with finite element
modelling for a comparative analysis.

Figure 2-46 Schematic Diagram of Test Setup for RC Beams (Sangi 2011)
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Figure 2-47 Beam Support with Load Cell (Sangi 2011)

As previously outlined, Sangi (2011) recorded the resisting forces including support
reaction forces for the RC beams as shown in Figure 2-48, which shows the resisting
forces and impact force-time history for the initial strike of the impact load from a
RC beam subjected to multiple blows. The author recognised that the impact force
displayed a short magnitude duration pulse of the impact force (approximately 250
kN) at the initial contact between the RC beam and drop hammer at 1.6 ms as a result
of inertial resistance, with support reactions were not being active during the initial
contact due to the RC beam’s inertia. Other observations noted were that there was a
short duration lag of 6 ms for the support reactions to resist the impact force. The
reason for this was due to the time taken for the stress wave to travel from the impact
zone to the support. After 8 ms, it was recorded that the support reactions measured
forces of 46 kN and 34 kN at the same time for the right and left supports,
respectively.
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Figure 2-48 Resisting Force-Time History of a RC Beam (Sangi 2011)

The crack pattern and failure of the steel RC beams subjected to multiple and single
impact loads is shown in Figure 2-49 and Figure 2-50, respectively. For the steel RC
beams under three strikes from the drop hammer, it was noted that the crack
propagation after the first impact caused predominately localised failure around the
impact area, including very minor concrete crushing of the cover on the top surface,
accompanied with a shear “plug” type of failure, with cracks propagating at an angle
of 45 degrees initially forming from the top surface (Figure 2-49 (a)). Vertical cracks
were also noted, primarily around the support regions, forming initially from the top
surface and down throughout the RC beams. The second impact at a height of 1 m
showed additional signs of localised concrete crushing of the cover with widening of
existing cracks. The final impact was observed to be a predominately flexural failure,
with spalling of the concrete cover, exposing the compressive steel reinforcement
bars and shear cracks around the impact zone as shown in Figure 2-49 shows a closeup of the localised failure from the impact area. Initial vertical cracks forming from
the top surface showed to propagate further throughout the RC beams. The two RC
beams under a single drop were observed to also show a flexural failure with
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localised concrete crushing of the cover and shear cracking (shear “plug”) in the
impact area, with flexural cracks propagating from the compressive zone throughout
the height of the beams within the shear spans. Figure 2-50 shows the crack pattern
and failure of a RC beam after single impact.

(a) Post First Impact

(b) Post Second Impact

(c) Post Third Impact

(d) Close-up of Impact Area after Third Impact
Figure 2-49 Crack Pattern of Steel RC Beams Post Multiple Impact Loads (Sangi
2011)

Figure 2-50 Crack Pattern and Failure after Single Impact (Sangi 2011)
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Sangi (2011) reported that the short duration pulse decreased in magnitude for each
impact on the RC beams subjected to three strikes of the drop hammer. Also, the two
RC beams under a single impact load and the first impact from the RC beams under
multiple impact showed very similar results to that of Chen and May (2009) in terms
crack patterns and damage. A short duration lag was noticed from the reaction forcetime histories which were confirmed from finite element modelling findings and
stated that the program LS-DYNA is suitable for modelling the behaviour of RC
beams under dynamic loads including displacement, impact force-time histories and
final crack patterns.

An experimental program at the University of Toronto experimentally investigated
the behaviour of eight RC beams, four pairs, two series (a and b) under a total of 20
impact loads (Saatci and Vecchio 2009a). In addition, four steel RC beams were
tested under static loading to determine static energy dissipation energy (energy
absorption capacity), load carrying capacity and failure mode. The main aim of the
research was to further understand the effect shear mechanisms play on the overall
behaviour, which was conducted by varying the amount of shear reinforcement (0%,
0.10%, 0.20% and 0.40%), with longitudinal reinforcement kept constant. The beams
had a width of 250 mm, height of 410 mm and simply supported over a span of 3000
mm, with a 940 mm overhang per end as shown in Figure 2-51(a). Normal strength
concrete was used, within the range of 46.7 to 55.2 MPa. Experimental test-setup of
a steel RC beam under impact loading is also provided, see Figure 2-51(b). Series a
beams (excluding beam SS0b) were subjected to multiple loads, initially with an
impact weight of 211 kg and then twice under a 600 kg. For series b beams, this
order of impact was reversed. A set height of 3.26 m was chosen for the drop
hammer, providing an impact velocity of 8 m/s, with five accelerometers attached to
the specimens to measure the acceleration during impact, fifteen potentiometers
attached to the bottom surface to measure the vertical displacement along the beams
and load cells positioned at the supports to measure dynamic reaction forces as
shown in Figure 2-52. The authors intended to verify dynamic equilibrium using the
test data collected from the load cells at the mid-span, supports and accelerometers.
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(a) Specimen Details

(b) Test Set-Up

Figure 2-51 Apparatus and Geometrical Properties of Steel RC Beams (Saatci and
Vecchio 2009a)

Figure 2-52 Locations of Accelerometers and Potentiometers (Saatci and Vecchio
2009a)

The failure mode of the four RC beams under static loading varied depending on the
amount of shear reinforcement. The two RC beams (MS0 and MS1) with no shear
reinforcement and with a 0.10% transverse reinforcement ratio displayed severe
critical shear cracks as evident by the load-deflection behaviour, see Figure 2-53.
However, the remaining two steel RC beams (MS2 and MS3) displayed a ductile
flexural response due to the yielding of the steel reinforcement. Static energy
dissipation capacity was calculated, ranging from 900 J to 2800 J, with load carrying
capacity ranging from 196 kN to 398 kN, see Table 2-26. The effect of an increase in
shear reinforcement from 0.1% to 0.3% showed to increase static energy dissipation
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capacity by approximately nine times, as well as changing the failure mode from
shear-critical to flexural-critical.

Figure 2-53 Load-Deflection of Static Beams (Saatci and Vecchio 2009a)

Table 2-26 Static Capacities of Steel RC Beams (Saatci and Vecchio 2009a)

The failure mode and general crack patterns experienced by the RC beams after
multiple impacts can be seen in Figure 2-54. The authors noted that regardless of the
amount of shear reinforcement, all steel RC beams displayed severe diagonal cracks
originally around the impact zone in addition to localised concrete crushing. The
authors acknowledged this as a shear “plug” type of failure, with the angle of these
cracks observed to be at approximately 45 degrees. Flexural cracks were also
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evident, which were shown from the tensile region and propagate vertically
throughout the height of the specimens. Also, flexural cracks were evident from
initially forming from the compressive side as a result of the negative bending
moment.

Figure 2-54 Final Crack Pattern of Impact Test Specimens (Saatci and Vecchio
2009a)

Saatchi and Vecchio (2009) analysed the distribution of forces and verified dynamic
equilibrium by the vertical forces acting on the steel RC beams under impact load.
This was achieved by using Equation (2-49), which takes into account impact force
and two transient dynamic resisting mechanisms: inertial resistance and beam
flexural resistance, with damping forces ignored. As noted by the authors, when a
mass strikes the beam, the beam accelerates in the direction of the impact force,
resulting in inertial forces directed in the opposite direction. The inertial force can be
defined as the mass of the beam multiplied by the acceleration, 𝑢̈ (𝑥, 𝑡) along the
𝐿

length of the beam (𝐿) or as, ∫0 𝑚
̅ 𝑢̈ (𝑥, 𝑡)𝑑𝑥, where 𝑚
̅ is the mass of the beam per
unit length. A dynamic free body diagram of the RC beams under impact loading is
shown in Figure 2-55.
𝐿

∫ 𝑚
̅ 𝑢̈ (𝑥, 𝑡)𝑑𝑥 + 𝑅𝑆 (𝑡) + 𝑅𝑁 (𝑡) − 𝐼(𝑡) = 0

(2-49)

0

where, 𝐼(𝑡) is impact force as a function of time, 𝐿 is total length of specimen, 𝑚
̅ is
mass per unit length, 𝑅𝑁 (𝑡) is support reaction force at north support as a function of
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time, 𝑅𝑆 (𝑡) is support reaction force at south support as a function of time and 𝑢̈ is
acceleration, as a function of length and time.

Figure 2-55 Dynamic Free Body Diagram of RC Beams under Impact (Saatci and
Vecchio 2009a)

A breakdown of the transient dynamic resisting forces (inertia forces and reaction
forces) is shown in Figure 2-56 to verify dynamic equilibrium for a steel RC beam.
The authors recognised that the first contact point between the drop hammer and the
steel RC beam, the impactor is primarily resisted by inertial forces, prior to the steel
RC beams experiencing flexural resistance. This is evident in Figure 2-56, at a time
of approximately 2 ms, the summation of the support reaction forces was shown to
be approximately zero, that is, 𝑅𝑁 (2) + 𝑅𝑠 (2) ≈ 0. This was verified by Equation
(2-50), where 𝛼 is defined as the ratio of the inertia forces to the total impact force.
The authors recognised that at the first initial contact point (at maximum impact
force), 𝛼 was approximately one for all specimens (or 𝑅 = 0), indicating resistance
by inertial forces, followed by bending resistance (𝛼 = 0 or 𝑅 = 𝐼/2 ). This was also
shown to be the reason for the shear “plug” phenomena of the steel RC beams under
impact loading. As shown in Figure 2-57, the authors were able to analyse and
demonstrate that in terms of bending moment, under impact loading, at the initial
point of contact (𝛼 = 1), the maximum bending moment is smaller to that under
static loading (where 𝛼 = 0 since no inertial forces for static loading) and that the
shear forces are independent of the variable, 𝛼, regardless of the loading condition.
This is the reason they note for the shear “plug” type of failure causing severe critical
shear cracks in the impact zone. “In the initial stages of the response, the specimen
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experiences the same shear force but significantly smaller moments than it would
under static loading, thus becoming shear-critical, forming diagonal shear cracks and
the subsequent shear plug.” Also, Figure 2-57 depicts the equations for the maximum
bending moment (𝑀) (Figure 2-57 (a)) and shear forces (𝑉) (Figure 2-57 (b)) for
both static and dynamic bending, where 𝑎 is the overhang length and 𝑙 is the shear
span length.

Figure 2-56 Transient Dynamic Resisting Mechanisms of a Steel RC Beam (Saatci
and Vecchio 2009a)
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𝛼𝐼
𝑉=
2

𝑀=

20𝑎3
]
𝑙
[10(6𝑎2 − 5𝑙 2 )]

𝛼𝐼𝑙 [9𝑙 2 − 30𝑎2 −

(a) Dynamic

𝑉=

(1 − 𝛼)𝐼
2

𝑀=

(1 − 𝛼)𝐼𝑙
2

(b) Static

Figure 2-57 Distribution of Forces and Resulting Moment Shear Diagrams (Saatci
and Vecchio 2009a)

𝑅=

(1 − 𝛼)𝐼
2

(2-50)

Conclusions about the effects of shear mechanisms on steel RC beams under impact
loading were observed: RC beams having a higher shear capacity, energy absorption
capacity was significantly improved, as well as being able to sustain higher impact
loads. Also, regardless of the shear reinforcement ratio, all specimens experienced
shear cracking, with more damaged presented in the beams with a lower transverse
reinforcement ratio. RC beams with a higher transverse reinforcement ratio displayed
shear cracking, despite being designed as flexural-critical. The span length was
noticed to be a vital factor in resisting impact forces, with less emphasis on the
material properties including concrete strength. Finally, to gather a more detailed
understanding of RC beams under impact, shear mechanisms was noted as being a
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critical component and must be taken into consideration during the design process,
including flexure-critical beams.

An experimental investigation into the flexural behaviour of steel RC beams under
impact loading was conducted at the University of Wollongong (Rostron 2012). The
main aim of the study was to examine and further understand the behaviour and
performance of steel RC beams under impact loading by varying the amount of
tensile longitudinal reinforcement. A total of three RC beams were constructed; two
designed as under-reinforced, with a tensile reinforcement ratio of 𝜌 = 1.9% (2N12
bars) and one as over-reinforced, 𝜌 = 3.4% (2N16 bars). The steel RC beams had a
width of 100 mm and a height of 150 mm, with an overall length of 2400 mm. 4 mm
diameter shear reinforcement (R4) was spaced at 100 mm centres to ensure a flexural
failure. The cross-sectional and side view details for the RC beams are shown in
Figure 2-58. One under-reinforced beam was tested under static loading (three point
bending) as shown in Figure 2-59(a) and classified as the controlled specimen to
allow for helping in analysing the remaining two steel RC impact beams in terms of
energy principles. The steel RC beams under impact loading were subjected to the
high capacity drop hammer, with a total mass of 580 kg, and each tested under two
strikes (height of 200 mm) due to malfunctions with the data logging equipment
(Figure 2-59(b)). Parameters investigated included impact load, dynamic steel strain
and dynamic mid-span deflection using a high speed camera at rate of 500
frames/second as well as a comparative analysis between failure modes under static
and impact loading. At the time of testing, concrete strength was classified as normal
strength, 43 MPa and 52 MPa at the time of static and impact testing, respectively.
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(d) Side View of Over-Reinforced Beam
Figure 2-58 Cross-Section and Side View of RC Beams (Rostron 2012)

(a) Static Testing

(b) Impact Testing

Figure 2-59 Experimental Setup of Steel RC Beams (Rostron 2012)
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The failure of the under-reinforced beam under static loading showed to fail in a
flexural manner, with vertical cracks propagating upward from the tensile zone.
Also, the RC beam showed signs of ductility, continually deflecting at a constant
load due to the yielding of the reinforcement bars. The author noted that the vertical
cracks were predominately localised under the loading plate, as shown in Figure
2-60. A load carrying capacity of 28.7 kN was reported, with a target mid-span
deflection of 53 mm used, which was taken at the point when the RC beam had
already failed as shown in Figure 2-61. Energy absorption capacity was calculated to
be approximately 1140 J using numerical integration at the target deflection using
Equation (2-51).

Figure 2-60 Flexural Failure of Static RC Beam (Rostron 2012)
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Figure 2-61 Load-Deflection for Static Testing (Rostron 2012)
def

𝐸𝑎𝑏𝑠 = ∫

(load vs deflection) 𝑑𝑥

(2-51)

0

Experimental failure modes of the steel RC beams showed predominately flexural
cracking within the impact area with localised concrete cover crushing on the top
surface from the two 200 mm drops from the impact test apparatus. The underreinforced steel impact beam was shown to display a ductile response, with yielding
of the tensile reinforcement with flexural cracking propagating from the tensile
region (Figure 2-62). In comparison, the over-reinforced beam demonstrated a brittle
failure, as a result of the substantially deeper concrete crushing of the cover (Figure
2-63). The author also recognised the differences in failure mechanisms through
analysis of the load-time histories, as shown in Figure 2-64, where a ductile response
was evident for the under-reinforced beam, with the impact load extending at a
constant rate over a period of time, compared to a rapid deterioration in impact load
for the over-reinforced beam. A dynamic bending resistance of 30 kN and 50 kN
were reported for the under-reinforced and over-reinforced steel RC beams,
respectively. Dynamic mid-span deflection was obtained using image processing
techniques from the high speed camera as shown in Figure 2-65, with a higher
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deflection recorded for the under-reinforced steel beam (∆𝑚𝑎𝑥 = 39.1 mm )
compared to ∆𝑚𝑎𝑥 = 32.8 mm for the over-reinforced beam. Rostron (2012) noted
the main reasons for the increase in dynamic mid-span deflection was due to a higher
amount of ductility as a result of the design of the section, making the beam easier to
deform as well as the lower capacity.

(a) Post Impact 1

(b) Post Impact 2

Figure 2-62 Crack Pattern and Failure of Under-Reinforced Beam (Rostron 2012)

(c) During Impact 1

(d) Post Impact 2

Figure 2-63 Crack Pattern and Failure of Over-Reinforced Beam (Rostron 2012)
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After analysing the experimental results, the author concluded that the overall
behaviour of the steel RC beams under impact loading exhibit better mechanical
properties compared to that of the steel RC beam under static loading by displaying
less deformation and higher loads. The inertial resistance of the beams and high
strain rate effect were reasons for this overall better performance. Also, the increase
in flexural reinforcement was shown to increase the amount of load carrying capacity
the steel RC beams could sustain under impact loading. Finally, a similarity in the
crack propagation for both static and impact loading were evident, with the RC
beams all experiencing flexural response as shown in Figure 2-66.

(a) Static Loading

(b) Impact Loading

Figure 2-66 Crack Pattern and Failure of Steel RC Beams under Different Loading
Conditions (Rostron 2012)

An experimental investigation into the impact behaviour of steel RC beams with high
strength concrete was carried out by Ågårdh et al. (1999). In total, eight RC beams
were tested, three under static loading (four point bending) and five subjected to a
height of 2.68 m under a high capacity impact drop hammer, with a total mass of 718
kg and striking velocity of 6.7 m/s. All RC beams were doubly reinforced with steel
reinforcement, with cross-sectional dimensions of 170 mm by 340 mm, with a total
length of 4200 mm (span length of 4000 mm) as shown in Figure 2-67. Steel stirrups
were provided at 150 mm centres within the shear spans. At the time of testing, the
unconfined compressive strength of concrete was measured as 112 MPa. For static
testing, RC beams were displacement controlled and loaded at a rate of 1-2 mm/min,
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with load cells, deflection gauge and strain gauges on the tensile reinforcement all
recorded. Under dynamic loading, accelerometers were positioned on the RC beams
for measurement of acceleration and allow for determine of velocity and
displacement time histories, as well as strain in the concrete and tensile
reinforcement bars. A high speed camera was used with a rate of 1000-1540 frames
per second for analysing crack propagation and failure during the impact. The
supports were rigid, with restraints positioned at the supports to prevent rebounding
of the RC beams as shown in Figure 2-68. A steel pad was positioned on the RC
beams allowing for the drop hammer to strike the plate during impact as shown in
Figure 2-69. The main aim of the research was to use the experimental data and
compare and validate with numerical models.

Figure 2-67 Details of RC Beams (Ågårdh et al. 1999)
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Figure 2-68 Schematic Setup of Steel RC Beams for Dynamic Loading (Ågårdh et
al. 1999)

Figure 2-69 Experimental Setup of Steel RC Beams for Dynamic Loading (Ågårdh
et al. 1999)
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The authors presented results for the steel RC beams subjected to both static and
impact loading with the main findings for the dynamic experiments showing that
higher strain rates were identified, up to 120 s-1 for the steel reinforcement bars
compared to maximum strain rates of 6 s-1 for concrete before crack initiation. Other
notable results indicated that during impact, a separation was observed between the
striker and the RC beams. Also, the instant contact between the RC beams and strike
hammer were captured as well as formation of crack propagation using the high
speed film camera at different intervals as shown in Figure 2-70. Deflection time
histories were calculated as shown in Figure 2-71 using integration and high speed
camera image processing techniques, with results showing at 0.05 s for a RC beam,
mid-span deflection was calculated as approximately 180 mm and 155 mm,
respectively. The authors concluded that the failure mode of RC beams is extremely
complex and highly complicated due to the short interval under dynamic loading,
however the techniques used in this research were recognised to be applicable for the
experimental investigation.

(a) 0.6 ms

(b) 20 ms
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(c) 30 ms

(d) 50 ms

Figure 2-70 Time Intervals of a RC Beam under Dynamic Loading (Ågårdh et al.
1999)

Figure 2-71 Deflection-Time Histories of a RC Beam using Integration and High
Speed Camera Photos (Ågårdh et al. 1999)
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2.5.3

Analytical Evaluation of Steel Reinforced Concrete Beams

Fujikake et al. (2009) experimentally and analytically investigated the impact
behaviour of steel RC beams. Experimental investigation involved performing a set
of drop hammer impact tests on steel RC beams, with the main variables being the
drop hammer height (impact energy) and longitudinal reinforcement ratio. In total,
twelve RC beams were experimentally tested, categorised into three series (S1616,
S1322, and S2222) and subjected to a free falling 400 kg mass anvil as shown in
Figure 2-72. The beams were dropped from heights ranging from 150 mm to 2400
mm. Dimensions of beams were identical, 250 mm in depth, 150 mm wide and 1.7 m
long, with D10 steel reinforcement bars were used as shear reinforcement and spaced
evenly at 75 mm centres as shown in Figure 2-73. Beams shear resistance was 50155% larger than bending resistance and thus were classified as flexure-controlled
beams. Impact force was measured using a dynamic load cell attached to the
underside of the drop hammer, with mid-span deflection measured using a laser
displacement sensor.

Figure 2-72 Drop Hammer Apparatus (Fujikake et al. 2009)
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Figure 2-73 Steel RC Beam Details (Fujikake et al. 2009)

Failure mode of steel RC beams in series S1616 (subjected to drop hammer heights
of 0.15 m, 0.30 m, 0.60 m and 1.20 m) displayed an overall flexural response at all
the drop heights with vertical cracks propagating from the bottom surface. For series
S1322 and S2222 (subjected to drop hammer heights of 0.3 m, 0.6 m, 1.2 m and 2.4
m), overall flexural response was observed for heights less than 600 mm. However at
heights greater than 600 mm, failure was examined as significant concrete crushing
in the impact area, causing exposure of the reinforcement bars, as well inclined shear
cracks. Figure 2-74 shows the typical failure modes of the steel RC beams at various
heights.

(a) Series S1616

(b) Series S1322

Series S2222

Figure 2-74 Failure Mode of Steel RC Beams (Fujikake et al. 2009)
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Results and conclusions according to Fujikake et al. (2009) showed that the amount
of reinforcement affected the behaviour and failure mode of the steel RC beams
under impact loading. Beams with lower reinforcement exhibited an overall flexural
failure as opposed to the heavily reinforced beams, where a flexural failure was
observed, in addition to localised failure (concrete crushing, inclined shear cracking).
Compressive reinforcement influenced the overall behaviour. Increasing compressive
reinforcement reduced the localised failure under the impact area. The impact forcetime histories were measured for all RC beams, as shown in Figure 2-75. Fujikake et
al. (2009) recognised an initial large short duration peak in load, followed by a
plateau in impact force for a short period of time. The dynamic maximum middeflection was measured and shown that RC beams in series S1616 beams
experienced higher deflections compared to series S1322 and S2222. Series S1322
and S222 displayed similar dynamic mid-span deflections, indicating variations in
the compressive reinforcement have negligible effects on deflection. Typical
dynamic mid-span deflection time histories are shown in Figure 2-75. Also,
increasing drop hammer height showed to increase impact force, maximum
deflection, time taken for maximum deflection.

Figure 2-75 Typical Impact Force and Mid-Span Deflection Time History (Fujikake
et al. 2009)

An analytical model for the response of the RC beams under impact loading was
developed using a two-degree-of-freedom (2DOF) mass-spring-damper system. This
was done for calculation of maximum dynamic mid-span deflection to compare with
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experimental results. The authors recognised the importance of determining dynamic
deflections as it gives and index into evaluating damage levels. Fujikake et al. (2009)
modelled the impact response using two masses, which were taken as 𝑚1 , defined as
the equivalent mass of the steel RC beams (𝑚1 = 17𝜌𝐴𝑐 𝐿/35), where 𝜌 is the
density of concrete, 𝐴𝑐 is the cross-sectional area of the beam and 𝐿 is the span
length and 𝑚2 , mass of the drop hammer as shown in Figure 2-76. The model
allowed for overall global response, as well as local response, that is the contact
between the two masses.

A comparison between experimental dynamic mid-span deflections and the 2DOF
model results are shown in Figure 2-77 for each series. Fujikake et al. (2009)
recognised that the analytical model provided very accurate results when the overall
flexural failure occurred, especially series S1616. However the model was shown to
over-predict experimental deflection at higher drop heights, that is 2.4 m for both
series S1322 and series S2222 due to flexural failure and the addition of localised
failure in the impact zone. At a drop height of 2.4 m, experimental maximum midspan deflections were observed to be 33% and 18% lower than analytical deflections
for series S1322 and S2222, respectively.

Figure 2-76 Two-Degree-of-Freedom Mass-Spring-Damper System Model (Fujikake
et al. 2009)
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(a) Series S1616

(b) Series S1322

(c) Series S2222
Figure 2-77 Comparison between Maximum Mid-Span Deflection and Drop Height
for both Experimental Results and Two DOF Analysis (Fujikake et al. 2009)
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2.5.4

Research Summary

Table 2-27 and Table 2-28 report details of test specimens and experimental results.
Table 2-27 Summary of Test Specimen Details
Authors

Beam

𝒃 × 𝒉

𝑳

𝑨𝒇

Concrete

(mm × mm)

(mm)

(mm )

Strength (MPa)

A1-1

100 × 200

2700

226

49.2c

A1-2

100 × 200

2700

226

49.2c

A1-3

100 × 200

2700

226

49.2c

A1-4

100 × 200

2700

226

49.2c

A1-5

100 × 200

2700

226

45.8c

A1-6

100 × 200

2700

226

45.8c

A1*-7

100 × 200

2700

226

33.6c

A2-8

100 × 200

2700

226

45.8c

(Chen and May

A2-9

100 × 200

2700

226

42.8c

2009)

A3-10

100 × 200

1500

226

35.6c

B1-11

100 × 200

2700

226

33.6c

B1-12

100 × 200

2700

226

33.6c

B1*13

100 × 200

2700

226

45.8c

B2-14

100 × 200

1500

226

35.6c

B2-15

100 × 200

1500

226

35.6c

B3-16

100 × 200

2700

226

42.8c

B3*-17

100 × 200

2700

226

33.6c

B4-18

100 × 200

1500

226

35.6c

SS0a

250 × 410

3000

1400

50.1

SS0b

250 × 410

3000

1400

50.1

SS1a

250 × 410

3000

1400

44.7

SS1b

250 × 410

3000

1400

44.7

SS2a

250 × 410

3000

1400

47.0

SS2b

250 × 410

3000

1400

47.0

SS3a

250 × 410

3000

1400

46.7

SS3b

250 × 410

3000

1400

46.7

MS0

a

250 × 410

3000

1400

55.2

MS1

a

250 × 410

3000

1400

55.2

MS2

a

250 × 410

3000

1400

55.2

MS3

a

250 × 410

3000

1400

55.2

(Saatci and
Vecchio 2009a)

2
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100 × 150

2000

226

43.0

b

100 × 150

2000

226

52.0

I-2b

S-1a,b
(Rostron 2012)

I-1

100 × 150

2000

402

52.0

a

170 × 340

4000

221

112.0c

6a

170 × 340

4000

221

112.0c

7a

170 × 340

4000

221

112.0c

(Agardh et al.

0

170 × 340

4000

221

112.0c

1999)

1

170 × 340

4000

221

112.0c

2

170 × 340

4000

221

112.0c

3

170 × 340

4000

221

112.0c

4

170 × 340

4000

221

112.0c

NB1-1,2,3

100 × 200

2700

226

-

NB2

100 × 200

2700

226

-

NB3-1,2,3

100 × 200

2700

226

-

5

(Sangi 2011)

100 × 200

2700

226

-

b

150 × 250

1400

397

42

b

150 × 250

1400

397

42

b

150 × 250

1400

397

42

b

150 × 250

1400

37

42

b

150 × 250

1400

774

42

b

150 × 250

1400

774

42

b

150 × 250

1400

774

42

b

150 × 250

1400

774

42

b

150 × 250

1400

774

42

b

150 × 250

1400

774

42

b

150 × 250

1400

774

42

b

150 × 250

1400

774

42

NB4
S1616-0.15
S1616-0.30
S1616-0.60
S1616-1.20
S1322-0.30
(Fujikake et al.

S1322-0.60

2009)

S1322-1.20
S1322-2.40
S2222-0.30
S2222-0.60
S2222-1.20
S2222-2.40

a

Note: SS represents simply supported; Steel RC beams under static loading; b
denotes the beam name given to Rostron (2012) and Fujikake et al. (2009), where “I11” represents the under-reinforced RC beam subjected to the first impact from drop
hammer and “S1616-0.15” represents a beam subjected to a height of 0.15 m,
respectively; c Cube compressive strength of concrete; * Denotes the repeated test
with same conditions without an asterisk but different concrete strength; Insufficient data provided.
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Table 2-28 Summary of Experimental Results of Steel RC Beams

Authors

Maximum

Dynamic

Beam

Impact

Mid-Span

Name

Force

Deflection

(kN)

(mm)

Failure

SS0a

610

a,b

9.5b,f

Critical shear cracks around impact zone c.

SS0b

798a,b

N/A

Critical shear cracks around impact zone c.

SS1a

712a,b

12b,f

Critical shear cracks around impact zone c.

(Saatci and

SS1b

1250a,b

40b,f

Critical shear cracks around impact zone c.

Vecchio

SS2a

654a,b

10b,f

Critical shear cracks around impact zone c.

2009a)

SS2b

1184a,b

38b,f

Critical shear cracks around impact zone c.

SS3a

862a,b

10b,f

Critical shear cracks around impact zone c.

SS3b

1364a,b

35b,f

Critical shear cracks around impact zone c.

A1-1

N/A

-

Flexural failure and no spalling of impact zone.

A1-2

223

-

Flexural failure and no spalling of impact zone.

A1-3

234

-

Flexural failure and no spalling of impact zone.

A1-4

233

-

Flexural failure and no spalling of impact zone.

A1-5

N/A

-

Flexural failure and no spalling of impact zone.

A1-6

229

-

Flexural failure and no spalling of impact zone.

A1*-7

128

-

Flexural failure and no spalling of impact zone.

A2-8

214

-

Flexural failure and no spalling of impact zone.

A2-9

230

-

Flexural failure and no spalling of impact zone.

A3-10

194

-

Flexural failure and no spalling of impact zone.

B1-11

N/A

-

B1-12

161

-

B1*13

183

-

B2-14

169

-

(Chen and
May 2009)

Yielding or rupture of steel tensile reinforcement
including spalling of impact zone.
Yielding or rupture of steel tensile reinforcement
including spalling of impact zone.
Yielding or rupture of steel tensile reinforcement
including spalling of impact zone.
Yielding or rupture of steel tensile reinforcement
including spalling of impact zone.
Yielding or rupture of steel tensile reinforcement

B2-15

171

-

including spalling of impact zone and scabbing
of tensile concrete cover.

B3-16

654

-

Scabbing and spalling of tensile concrete cover.

B3*-17

215

-

Scabbing and spalling of tensile concrete cover.

B4-18

241

-

Scabbing and spalling of tensile concrete cover.
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S16160.15

e

S16160.30

e

S16160.60

e

S16161.20

e

S13220.30

e

S13220.60e

122f

6.3f

170f

11.9f

243f

20.1f

316f

36.9f

189f

8.2

260f

11.6f

Flexural failure. Vertical cracks formed around
impact
Flexural failure. Propagation of already formed
flexural cracks.
Flexural failure. Propagation of existing vertical
cracks with minor localised concrete crushing.
Flexural failure. Widening of existing vertical
cracks around impact zone.
Flexural failure. Vertical cracks formed around
impacts zone with no concrete crushing of cover.
Flexural failure with propagation of already
formed flexural cracks.
Localised failure with formation of inclined

S1322(Fujikake et

1.20e

304f

23.0f

al. 2009)

concrete cover exposing reinforcement and
stirrups.

S13222.40e

S22220.30e
S22220.60

e

S22221.20e

S22222.40e

Further crushing of concrete cover, exposing
338f

27.7f

more longitudinal and transverse reinforcement
with signs of inclined shear cracking
Flexural failure with vertical crack formed

202

f

8.0

around impacts zone with no concrete crushing
of cover.

264f

11.2f

Flexural failure with propagation of already
formed flexural cracks.
Localised failure with formation of inclined

313f

21.6f

cracks around impact zone and crushing of
concrete cover.
Further crushing of concrete cover, exposing

378f

32.3f

longitudinal and transverse reinforcement with
signs of inclined shear cracking.

I-11e

N/A

39.1

I-12e

61

47.5

I-21e

64

32.8

I-22e

67

33.8

(Rostron
2012)

cracks around impact zone and crushing of

Flexural failure with minor concrete crushing.
Additional crushing of concrete cover in impact
zone with existing cracks propagating further.
Flexural cracking and minor concrete crushing
of cover in impact zone.
Additional crushing of concrete covering with
exiting flexural cracks propagating further.
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NB1-1d

250

30.2

NB1-2d

203

27.0

Localised “shear plug” around impact zone.
Additional localised crushing in impact zone.
Widening of existing cracks.
Further crushing of concrete cover.

NB1-3

d

145

32.5

Widening of existing shear cracks in impact
zone. Overall a flexural failure.

(Sangi 2011)

NB2

371

51.9

NB3-1d

151

33.1

d

120

28.3

NB3-2

Flexural failure with localised concrete crushing.
Additional crushing of concrete cover.
Localised “shear plug” around impact zone.
Localised “shear plug” around impact zone.
Widening up of existing cracks and extending

NB3-3d

99

32.1

Visible localised shear “plug” around impact
zone.

NB4

342

48.8

Flexural failure with localised concrete crushing.
Shear “plug” in impact area.

Note: RC beams under static loading were not reported in Table 2-28; There was
insufficient results provided by Magnusson et al. (1999) for the impact RC beams
and thus was omitted from Table 2-28; a Maximum reaction forces for one support
were multiplied by two for maximum impact force; b Data provided by Saatci and
Vecchio (2009) including “Maximum Impact Force” and “Dynamic Mid-Span
Deflection” is for first impact the RC beams were subjected to, whereas c represents
“Crack Pattern/Failure” after multiple blows from the drop hammer; d signifies the
three impact strikes from the drop hammer for the RC beams in the research
conducted by Sangi (2011); e denotes the beam name given to Rostron (2012) and
Fujikake et al. (2009), where “I-11” represents the under-reinforced RC beam
subjected to the first impact from drop hammer and “S1616-0.15” represents a beam
subjected to a height of 0.15 m, respectively; f represents data that was extracted
from impact force and displacement time history graphs; N/A – not available data
owing to instrument failure; - signifies data that was not recorded.

122

Chapter 2: Literature Review

2.6

Significance of the Current Study

This thesis will investigate a number of research areas that have had no attention in
the field of composite materials and structural engineering. The literature review has
provided an in-depth analysis into the current studies surrounding the use of internal
reinforcement in RC beams under static loading and the impact response of steel RC
beams. These areas of research have been comprehensively investigated, especially
through experimental work. However, while numerous experimental and analytical
studies have been carried out in these fields, there have not been any studies so far
addressing the performance and behaviour of GFRP RC beams under impact loading.
This is an area of importance which needs further addressing. Not only, but other
areas which have had limited attention include systematically investigating the
influence of the compressive strength of concrete (normal and high strength
concrete) on the performance of GFRP RC beams under both static and impact
loading. Thus using the already known literature, the purpose of the present study is
to gain knowledge and understanding in the areas of which have had limited
attention, primarily impact behaviour of GFRP RC beams. Table 2-29 reports the
research that has been investigated in the literature review, and using that research, to
expand the understanding into the new areas.
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Table 2-29 Current Available Literature and Research Gaps relating to Current Study
Currently Available Literature
used as the Basis of
Research/Current Study

1. Mechanical Properties of
FRP Bars

2. Currently Available Design
Recommendations for FRP RC
Beams for Flexure and Shear
Design
3. Flexural Behaviour of
Simply Supported FRP RC
Beams with Normal and High
Strength Concrete under Static
Loading

Section in
Literature Review

Current Literature

2.2.2

1. (ASTM D7205/D7205M
(2011)
2. (ISO 2008)
3. (Benmokrane et al. 2000)
4. (Kocaoz et al. 2005)
5. (Castro and Carino 1998)

2.3

1. (ACI 2015)
2. (CSA 2012)

2.4.2

1. (Barris et al. 2009)
2. (Alsayed 1998)
3. (Rafi et al. 2007)
4. (Ashour and Habeeb 2008)

4. Existing Models for Effective
Moment of Inertia for
Deflection for Simply
Supported FRP RC Beams

2.4.3

5. Effect of Normal and High
Strength Concrete on the
Behaviour of FRP RC Beams

2.4.4

6. Dynamic Performance and
Behaviour of Steel RC Beams

2.5.3

7. Analytical Evaluation for
Steel RC Beams subjected to
Impact Loading

2.5.4

1. (Al-Sunna et al. 2005)
2. (Bischoff et al. 2009)
3. (Yost et al. 2003)
4. (Toutanji and Saafi 2000)
5. (ACI 2015)
1. (El-Nemr et al. 2013)
2. (Kalpana and Subramanian
2011)
3. (Getzlaf 2012)
4. (Adam et al. 2015)
1. (Chen and May 2009)
2. (Agardh et al. 1999)
3. (Rostron 2012)
4. (Saatci and Vecchio 2009a)
5. (Sangi 2011)
1. (Fujikake et al. 2009)

New Findings/Research Gaps or Limited Studies in Current Literature
1. Flexural Behaviour of FRP RC Beams with High Strength Concrete under Static Loading
2. Effect of High Strength Concrete on the Behaviour of FRP RC Beams under -Static Loading
3. Impact Response and Behaviour of FRP RC Beams
4. Effect of Normal and High Strength Concrete on the Behaviour of FRP RC Beams under
Impact Loading
5. Analytical Evaluation for FRP RC Beams subjected to Impact Loading
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3 EXPERIMENTAL PROGRAM

3.1

General

An experimental program was conducted to investigate the behaviour and impact
response of GFRP RC beams under static loading and impact loading. The GFRP RC
beams were categorised into two series, series I and series II. The primary objective
of series I GFRP RC beams were to study the effect of longitudinal reinforcement
ratio and normal and high strength concrete, 40 and 80 MPa, respectively. Series II
was more focused on analysing the behaviour of GFRP RC beams with high strength
concrete (design characteristic concrete strength of 80 and 120 MPa). Under static
loading, the effect these variables had on load carrying capacity, mid-span deflection,
strain in the concrete and GFRP reinforcement bars and crack patterns were
analysed. Under impact loading, parameters investigated included dynamic mid-span
deflection, dynamic bending resistance, resisting forces, dynamic strain in GFRP
reinforcement bars and crack patterns. In this chapter, materials used for
experimental testing are provided including properties of concrete, GFRP
reinforcement and steel reinforcement. Also, the construction process and
experimental setup of the preliminary material testing of the GFRP reinforcement
bars, steel reinforcement bars and GFRP RC beams are provided.
3.2
3.2.1

Materials
Concrete

The design characteristic compressive strength of concrete for series I was 40 and 80
MPa and for series II, 80 and 120 MPa. For series I, concrete was supplied by an
offsite supplier using a cement truck in two batches, one batch for 40 MPa and
another for 80 MPa. For series II, concrete was batched on site. Since only a small
batch of cement was required for series II, it was recommended to hand mix the
cement. Three batches of cement were hand mixed: two batches for the GFRP RC
beams with 80 MPa and 120 MPa under static loading and one batch for the six 120
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MPa GFRP RC beams under impact loading. It is noted that commercial companies
do not supply concrete over 100 MPa and thus a concrete mix design was collected
from Boral for both 80 MPa and 120 MPa concrete. Table 3-1 reports the details of
the concrete mix designs. For series II, materials required for high strength concrete
included Bastion general purpose cement, fine grade flyash (not required for 120
MPa), micro silica densified silica fume, 10 mm aggregate, coarse and fine sand, sika
viscocrete PC HRF2 high range water reducer retarder (super plasticiser) and water.
Concrete cylinders (diameter of 100 mm and height of 150 mm) were cast to
measure the concrete compressive strength. For series I, a total of eighteen concrete
cylinders (nine for normal strength concrete and nine for high strength concrete)
were cast. This allowed for a mean reading (three cylinders for twenty eight days and
on the day of static and impact testing for each batch) of the concrete strength to be
determined. Similarly, for series II, twelve concrete cylinders were cast for the GFRP
RC beams under static loading (six for each 80 and 120 MPa concrete, with three
tested at twenty eight days and on the day of static testing for each batch). For the
120 MPa GFRP RC beams under impact loading, six cylinders were cast, with three
cylinders tested at twenty eight days and on the day of impact testing.

Table 3-1 Concrete Mix Designs (Series II)
Design Characteristic
Material

Concrete Strength
80 MPa

120 MPa

Bastion General Purpose Cement

540 kg/m3

600 kg/m3

Fine Grade Fly Ash

40 kg/m3

N/A

Micro Silica Densified Silica Fume

40 kg/m3

40 kg/m3

10 mm Aggregate

1040 kg/m3

1020 kg/m3

Coarse Sand

420 kg/m3

450 kg/m3

Fine Sand

100 kg/m3

150 kg/m3

4 L/m3

5 L/m3

160 L/m3

155 L/m3

Sika Viscocrete PC HRF2
(Superplasticiser)
Water
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To ensure the concrete mix designs were accurate for series II, trial mixes were
initially done prior to casting of GFRP RC beams. For 80 MPa concrete, five
concrete cylinders were cast and tested at 7 days (two concrete cylinders) and 28
days (three concrete cylinders). For 120 MPa concrete, eight concrete cylinders were
cast and tested at 7 days (three concrete cylinders), 28 days (three concrete cylinders)
and 56 days (two concrete cylinders). Results of the trial mixes for concrete
compressive strength can be found in Section 4.2.4 under Compression Testing of
Concrete Cylinders.
3.2.2

GFRP Reinforcement

Three types of longitudinal GFRP reinforcement bars were used, classified as #2S,
#3HM and #4HM, where S denotes “Standard” reinforcement bar and HM represents
“High Modulus” reinforcement bar. The nominal diameters (excluding sand coat) for
the three reinforcement bars, #2S, #3HM, #4HM according to specifications
(collected from the offsite supplier V-Rod Australia) are 6.35 mm, 9.53 mm and 12.7
mm. Table 3-2 reports the nominal details of the GFRP reinforcement bars including
guaranteed tensile strength, elastic modulus and rupture strain. The GFRP
reinforcement bars have an exterior sand coated surface used to improve the bond
with the surrounding concrete. See Figure 3-1 and Figure 3-2 for the three GFRP
reinforcement bars used in this experimental program, without sand-coat and with
sand coat, respectively.

Table 3-2 Nominal GFRP Reinforcement Details
Reinforcement Bar Type
Material Properties

#2S

#3HM

#4HM

Guaranteed Tensile Strength (MPa)

990

1372

1312

Nominal Elastic Modulus (GPa)

52.5 ± 2.5

65.1 ± 2.5

65.6 ± 2.5

Rupture Strain (%)

1.89

2.11

2.00

Nominal Cross-Sectional Area, 𝑨 (mm2)

31.7

71.3

126.7

Diameter, ∅ (mm)

6.35

9.53

12.7

Diameter, ∅ including Sand Coat (mm)

7.7

14.7

15.8
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(a) #2S

(b) #3HM

(c) #4HM

Figure 3-1 GFRP Reinforcement Bars without Sand-Coat

(a) #2S

(b) #3HM

(c) #4HM

Figure 3-2 GFRP Reinforcement Bars with Sand-Coat

3.2.3

Steel Reinforcement

Steel reinforcement was used for transverse reinforcement (stirrups), supplied by
Phantom Manufacturing. The steel bars had an exterior smooth surface, with a
nominal diameter of 4 mm (Figure 3-3). The advantages of using steel reinforcement,
especially for shear reinforcement include ease of practicality and can be bent into
the required shape as they are ductile. FRP can be used as shear reinforcement. Since
FRP is a linear-elastic material, it cannot be bent and needs to be professionally done
using proper machinery. Once the FRP material has been bent, it has be shown that
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the material can lose up to 54% of its tensile strength (Morphy et al. 1997) compared
to a straight bar due to the stress concentrations at the bend.

Figure 3-3 Steel Reinforcement Bar
3.3
3.3.1

Fabrication and Instrumentation
Preliminary Material Testing

3.3.1.1 GFRP Reinforcement Tensile Test Specimens
Preliminary material testing of GFRP reinforcement bars was done to gain
experimental data for the material properties including tensile strength, elastic
modulus and rupture stain. The tensile testing procedure was carried out according to
“Standard Test Method for Tensile Properties of Fibre Reinforced Polymer Matrix
Composite Bars” (ASTM D7205/D7205M (2011). Three GFRP reinforcement bars
of each nominal diameter, excluding sand coat (6.35 mm, 9.53 mm, and 12.7 mm)
were tested to allow for a mean reading of the material properties. According to
ASTM D7205/D7205M (2011), the overall length of tensile test specimens is defined
as the free length, 𝐿 plus the two anchor lengths at either end of the reinforcing bar,
𝐿𝑎 as shown in Figure 3-4. The free length is defined as the length of the FRP
reinforcement bar between the two steel anchors and should not be less than 380 mm
nor less 40 times the nominal bar diameter. As previously mentioned in Chapter 2,
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FRP reinforcement has considerably lower compressive and transverse strength and
as a result steel anchorage is required at both ends to prevent premature failure due to
stress concentration and crushing from the Instron machine. ASTM D7205/D7205M
(2011) provides recommended dimensions for the steel anchorage (outside diameter
of steel tube and minimum length of steel tube) according to the diameter of the FRP
bar, see Table 3-3). Note, Table 3-3 is for GFRP reinforcement only. Other
suggestions according to ASTM D7205/D7205M (2011) include a minimum wall
thickness for the steel anchorage of 4.8 mm or greater and a minimum grout space of
4 mm between the inner wall of the steel anchorage and exterior surface of the FRP
bar.

Figure 3-4 Generalised FRP Tensile Test Specimen (ASTM D7205/D7205M (2011)

Table 3-3 Recommended Dimensions of FRP Test Specimens (ASTM
D7205/D7205M 2011)
∅ (mm)

OD (mm)

𝑳𝒂 (mm)

6.4

35

300

9.5

35

300

13

42

380

16

42

380

19

48

460

22

48

460

25

48

460

29

48

460

32

75

800

where: ∅ = Nominal GFRP reinforcement bar diameter, OD = Outer diameter of
steel anchor and 𝐿𝑎 = Steel anchor length.
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For the GFRP tensile test specimens, the free length, 𝐿 for the #2S, #3HM and #4HM
GFRP reinforcement bars was 380 mm, 200 mm and 200 mm, respectively. In terms
of steel anchors geometrical properties, the #2S GFRP reinforcement bars had an
outer diameter (OD) of 30 mm, inner diameter (ID) of 15 mm (wall thickness of 15
mm and minimum grout space of approximately 4 mm) with an anchor length, 𝐿𝑎 of
150 mm. For the #3HM GFRP reinforcement bars, the steel anchors had an outside
diameter of 25 mm, inside diameter of 18 mm (wall thickness of 7 mm and minimum
grout space of approximately 4 mm) with an anchor length of 400 mm. Finally, the
steel anchors for the #4HM GFRP reinforcement bars had an outer diameter of 33
mm, inner diameter of 21 mm (wall thickness of 7 mm and minimum grout space of
approximately 4 mm) and an overall length of 400 mm. A 100 mm extensometer was
attached to each of the GFRP tensile test specimens to measure the strain within the
free length. Table 3-4 reports a summary of the properties of the GFRP tensile test
specimens.

Table 3-4 Experimental GFRP Tensile Test Specimen Properties
Specimen

∅

𝑨

𝑳𝒂

𝑳

𝑳𝒕𝒐𝒕

(Designation) (mm) (mm) (mm) (mm) (mm)

OD

ID

Anchor Anchor
(mm)

(mm)

1 (#2S)

6.35

31.7

150

380

680

30

15

2 (#2S)

6.35

31.7

150

380

680

30

15

3 (#2S)

6.35

31.7

150

380

680

30

15

4 (#3HM)

9.53

71.3

400

200

1000

25

18

5 (#3HM)

9.53

71.3

400

200

1000

25

18

6 (#3HM)

9.53

71.3

400

200

1000

25

18

7 (#4HM)

12.7

126.7

400

200

1000

33

21

8 (#4HM)

12.7

126.7

400

200

1000

33

21

9 (#4HM)

12.7

126.7

400

200

1000

33

21

where: ∅ = Nominal GFRP reinforcement bar diameter, 𝐴 = Nominal cross-sectional
area of GFRP reinforcement bar, 𝐿𝑎 = Steel anchor length, 𝐿 = Free length, 𝐿𝑡𝑜𝑡 =
total length of GFRP tensile test specimen, OD = Outer diameter of steel anchor and
ID = Inner diameter of steel anchor.
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ASTM D7205/D7205M (2011) recommends the use of either a polymer resin or an
expansive cement grout, known as Bristar 100 for anchoring the FRP reinforcement
to the steel anchors. For the GFRP tensile test specimens, Bristar 100 was used as the
anchor filler. The expansive cement grout is a non-explosive demolition agent used
in mining engineering to cause concrete cracking. When the material cures, it
expands and hardens, resulting in the concrete to gradually fracture and break. For
FRP tensile testing, using this type of product helps to increase the confining
pressure on the FRP reinforcement bar and thus the likelihood of slippage is reduced.
To ensure the product reaches its maximum confining pressure, ASTM
D7205/D7205M (2011) recommends a period of between 48 to 72 hours for curing.

The construction process for the GFRP tensile test specimens initially involved
clamping one steel anchor to the stand, and positioning the GFRP reinforcement bar
inside. Two steel portable rings (Figure 3-5) were manufactured to have the same
diameter as the GFRP reinforcement bars and positioned at each end of the steel
anchors. This was to ensure the GFRP reinforcement bars were axially aligned. The
expansive cement grout was mixed according to the manufacturer’s guidelines using
the required water to cement ratio (5 kg of cement to 1.5 L of water) and poured
gradually into the anchors until the grout overflowed. Prior to pouring, duct tape was
applied to the bottom of the steel anchor to prevent leakage. For the #3HM and
#4HM GFRP reinforcement tensile test specimens, one steel anchor (400 mm in
length) required 100 ml of water with 335 g of expansive cement grout. For the #2S
GFRP reinforcement bars, one steel anchor (150 mm in length) required 50 ml of
water and 168 g of expansive cement grout. All nine specimens were supported using
clamps for stability and allowed to cure for 72 hours as shown in Figure 3-6. The
same procedure was adopted for the other end of the GFRP tensile test specimens.
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(2)
(1)
(3)

Figure 3-5 Portable Steel Ring for Centring GFRP Reinforcement Bars

(Note: In Figure 3-5, 1. Portable steel ring, 2. GFRP reinforcement bar and 3. Steel
anchor)
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(3)

(4)

𝑳

(2)
1

𝑳𝒂 (3)

(1)

Figure 3-6 GFRP Reinforcement Tensile Test Specimen

(Note: In Figure 3-6, 1. Stand, 2. GFRP reinforcement bar, 3. Steel anchor, 4. Clamp,
𝐿 = Free length and 𝐿𝑎 = Anchor length)
3.3.1.2 GFRP Reinforcement Test Specimens for Shear Strength
To understand the shear behaviour of sand coated GFRP reinforcement bars, an
experimental investigation was done to determine the shear strength via a double
shear fixture. Six #3HM GFRP reinforcement shear test specimens with a length of
150 mm, see Figure 3-7(a) and a diameter of 14.75 mm including sand coat, see
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Figure 3-7(b) were prepared for double shear testing. The sand-coat was removed to
determine the actual diameter of the GFRP reinforcement bar which was used to
calculate the shear strength, see Figure 3-7(c).
Table 3-5 reports a summary of the experimental details for the GFRP reinforcement
shear test specimens. Note, the #2S and #4HM GFRP reinforcement bars were not
experimentally tested as this section was initially not part of the research objectives
but was done as an addition to gain data and understand the shear behaviour of sand
coated GFRP reinforcement bars.

(a) 6 x 150 mm Samples

(b) Diameter with Sand-Coat

(c) Diameter excluding Sand-Coat
Figure 3-7 Preparation of GFRP Reinforcement Shear Test Specimens
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Table 3-5 Experimental GFRP Shear Test Specimen Properties
With Sand Coat
Specimen

Without Sand Coat

𝑳

∅

𝑨

∅

𝑨

(𝐦𝐦)

(𝐦𝐦𝟐 )

(𝐦𝐦)

(𝐦𝐦𝟐 )

1 (#3HM)

14.75

170.9

9.55

71.6

150

2 (#3HM)

14.75

170.9

9.55

71.6

150

3 (#3HM)

14.75

170.9

9.55

71.6

150

4 (#3HM)

14.75

170.9

9.55

71.6

150

5 (#3HM)

14.75

170.9

9.55

71.6

150

6 (#3HM)

14.75

170.9

9.55

71.6

150

(Designation)

(mm)

where ∅ = Experimental diameter GFRP reinforcement bar with or without sand
coat, 𝐴 = Cross-sectional area of GFRP reinforcement bar with or without sand coat
and 𝐿 = Length of GFRP reinforcement specimens.

The double shearing apparatus was assembled to allow for testing of the shear
strength of the GFRP reinforcement test specimens. As shown in Figure 3-8, the
apparatus consisted of three main sections: “lower part” (Figure 3-8(a)), “middle
part” (Figure 3-8(b)) and “cylindrical conduit” (Figure 3-8(c)). The lower part
provided a solid and rigid base whilst the upper part moved vertically to allow for the
specimens to be subjected to the shearing force. The cylindrical conduit is divided
into three sections (two outer sections and an inner section with dimensions reported
in Table 3-6). The completed apparatus, with the GFRP reinforcement bar is shown
in Figure 3-8(d).
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(a) Lower Part

(b) Upper Part

(1)

(2)

(1)

23.5 mm

36.5 mm

23.5 mm

(c) Cylindrical Conduit

(d) Completed Assembly

Figure 3-8 Arrangement of Double Shearing Apparatus

(Note: In Figure 3-8(c), 1. Outer conduit section and 2. Inner conduit section)
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Table 3-6 Cylindrical Conduit Dimensions
Outer Diameter

Inner Diameter

(mm)

(mm)

23.5

36.5

15

36.5

36.5

15

Conduit Type

Length (mm)

Outer
Inner

3.3.1.3 Steel Reinforcement Test Specimens
Three offcuts of 4 mm diameter steel reinforcement were prepared and cut to lengths
of 240 mm as shown in Figure 3-9. The three steel reinforcement specimens were
experimentally tested for a mean yield strength, ultimate tensile strength and elastic
modulus. A summary of the experimental properties are reported in Table 3-7.

Table 3-7 Experimental Steel Reinforcement Test Specimen Properties
Specimen

∅

𝑨

𝑳
2

(mm)

(mm )

(mm)

1

4

12.6

240

2

4

12.6

240

3

4

12.6

240

where: ∅ = Diameter of steel reinforcement bar, 𝐴 = Cross-sectional area of steel
reinforcement bar and 𝐿 = Length of steel reinforcement bar.

Figure 3-9 Steel Reinforcement Tensile Test Specimens
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3.3.2

GFRP RC Beams

As previously mentioned, the GFRP RC beams were categorised into two series:
series I and series II. Series I included a total of twelve GFRP RC beams, six tested
under static loading (four point bending) and six under impact loading. The variables
examined in series I included design characteristic concrete compressive strength
(normal and high strength concrete, 40 and 80 MPa, respectively) and GFRP
longitudinal reinforcement ratio (𝜌𝑓 = 0.5%, 1.0% and 2.0%). For the six GFRP RC
beams under static loading, three were cast with normal strength concrete and three
with high strength concrete. Similarly, for the six GFRP RC beams under impact
loading, three were cast with normal strength concrete and three with high strength
concrete. Shear reinforcement was provided at 100 mm centres in the form of 4 mm
diameter steel reinforcement.

Series II GFRP RC beams was focused on examining the effect of high strength
concrete, with design characteristic concrete strength of 80 MPa and 120 MPa.
Twelve GFRP RC beams were cast, six tested under static loading (three point
bending) and six under impact loading. For the GFRP RC beams under static
loading, three were cast to have concrete strength of 80 MPa, with three cast to have
concrete strength of 120 MPa. These six GFRP RC beams under static loading had
similar reinforcement ratios to that of series I (𝜌𝑓 = 0.5%, 1.0% and 2.0%). The
difference with series II was that the static GFRP RC beams were tested under three
point bending. This was done since the impact GFRP RC beams were also subjected
to three point bending and thus energy absorption capacities are similar regardless of
loading condition. The six GFRP RC beams under impact loading were cast to have
concrete strength of 120 MPa, with three beams having a reinforcement ratio of
𝜌𝑓 = 1.0% and three with 𝜌𝑓 = 2.0%. The GFRP RC beams were subjected to three
different heights for specimens with 1.0% and 2.0% reinforcement ratios. The height
of the drop hammer was calculated based on the energy absorption capacity (50%,
75% and 100% energy absorption capacity) from static testing results. Shear
reinforcement was doubled from series I, to 50 mm centres for series II GFRP RC
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beams as per Section 9.3 ‘Detailing of shear stirrups” in ACI (2015), where the
maximum spacing of stirrups is taken as the smaller of 𝑑/2 or 600 mm.

All GFRP RC beams from series I and II had identical geometrical properties, with
rectangular cross-sections of 150 x 100 mm and an overall length of 2400 mm. The
GFRP RC beams were doubly reinforced, constructed with two longitudinal
reinforcement bars within the tensile and compressive area, with a cover of 15 mm as
shown in Figure 3-10. The effective depths were calculated as 𝑑 = 127.8 mm,
126.2 mm and 124.7 mm for 𝜌𝑓 = 0.5%, 1.0% and 2.0%, respectively. The
reinforcing cages are shown in Figure 3-11. A side view of the GFRP RC beams in
series I and II are shown in Figure 3-12 and Figure 3-13, respectively. These two
figures illustrate the longitudinal reinforcement bars, spacing of 4 mm steel stirrups
and position of GFRP reinforcement and concrete strain gauges.

Strain gauges were attached to the GFRP reinforcement bars and surface of the
concrete to measure strain during experimental testing. For the GFRP RC beams
under static loading in both series, one strain gauge was attached to the centre of
each longitudinal tensile GFRP reinforcement bar to measure tensile strain during
experimental testing. For measurement of concrete strain, for series I, two concrete
strain gauges were positioned at the edges at the centre, on the top surface of the
GFRP RC beams. However for series II GFRP RC beams under static loading, one
concrete strain gauge was placed at the top of each side, directly underneath the
position of the load cell. Strain gauges could not be centred on the top surface due to
the three point bending configuration.

For the twelve GFRP RC beams subjected to impact loading (both series I and II),
dynamic concrete strain was not measured due to the extensive damage in the impact
area caused by the drop hammer. However the dynamic tensile strain was measured
by attaching one strain gauge in the centre of each GFRP tensile reinforcement bar.
This allowed for an average reading of dynamic tensile strain at the mid-span to be
obtained.
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100

100

100

a) 𝜌𝑓 = 0.5%

15

15

15

150

150

150

b) 𝜌𝑓 = 1.0%

c) 𝜌𝑓 = 2.0%

Figure 3-10 Schematic View of Cross-Sectional Details

(Note: In Figure 3-10, dimensions are in mm)

a) 𝜌𝑓 = 0.5%

b) 𝜌𝑓 = 1.0%

c) 𝜌𝑓 = 2.0%

Figure 3-11 Reinforcement Cages

4 mm Ø Steel Stirrups @ 100 mm centres

#2S
#3HM
#4HM

2400
150
20

Concrete and GFRP
Strain Gauges

100

30

Figure 3-12 Side View of GFRP RC Beams with 100 mm centres (Series I)
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30 mm Concrete Strain Gauges

#2S
#3HM
#4HM

4 mm Ø Steel Stirrups @ 50 mm centres

150
5 mm GFRP Strain
Gauges
2400

50

Figure 3-13 Side View of GFRP RC Beams with 50 mm centres (Series II)

(Note: In Figure 3-12 and Figure 3-13, dimensions are in mm)

The GFRP RC beams were identified according to the series, design characteristic
concrete strength, longitudinal reinforcement type, reinforcement ratio and type of
loading. The arrangement is in the form of AX–B–C–D where A is the design
characteristic concrete strength (40, 80 or 120 MPa), B is the GFRP reinforcement
bar type (#2S, #3HM or #4HM), C is the GFRP reinforcement ratio (𝜌𝑓 =
0.5%, 1.0% and 2.0%) and D is for the type of loading, static (S) or impact loading
(I). X denotes the series, I for series I and II for series II. However, for the series II
GFRP RC beams under impact loading, the beams are identified in the form of AX–
B–C–DH, where H represents the height of the drop hammer in metres. For example,
GFRP RC beam 80I–#3HM–1.0–I was designed with concrete compressive strength
of 80 MPa with #3HM GFRP reinforcement bars, a longitudinal GFRP
reinforcement ratio of 𝜌𝑓 = 1.0% and tested under impact loading in series I. For
GFRP RC beam 120II–#4HM–2.0–I1.1, design characteristic concrete compressive
strength was 120 MPa, with #4HM GFRP reinforcement bars, a reinforcement ratio
of 𝜌𝑓 = 2.0% and subjected to a 1.1 m height under impact loading. A summary of
the properties of the GFRP RC beams are reported in Table 3-8.
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Table 3-8 GFRP RC Beam Properties
𝒅

𝝆𝒇

(𝐦𝐦)

(%)

40I-#2S-0.5-S

127.8

0.5

40

40I-#3HM-1.0-S

126.2

1.0

40I-#4HM-2.0-S

124.7

80I-#2S-0.5-S

GFRP RC Beam

𝒇′𝒄

𝝆𝒔

(𝐌𝐏𝐚) (%)

Reinforcement Condition
(ACI 2015)

(CSA 2012)

0.25

Balanced

Under

40

0.25

Over

Over

2.0

40

0.25

Over

Over

127.8

0.5

80

0.25

Under

Under

80I-#3HM-1.0-S

126.2

1.0

80

0.25

Over

Over

80I-#4HM-2.0-S

124.7

2.0

80

0.25

Over

Over

40I-#2S-0.5-I

127.8

0.5

40

0.25

Under

Under

40I-#3HM-1.0-I

126.2

1.0

40

0.25

Over

Over

40I-#4HM-2.0-I

124.7

2.0

40

0.25

Over

Over

80I-#2S-0.5-I

127.8

0.5

80

0.25

Under

Under

80I-#3HM-1.0-I

126.2

1.0

80

0.25

Over

Over

80I-#4HM-2.0-I

124.7

2.0

80

0.25

Over

Over

80II-#2S-0.5-S

127.8

0.5

80

0.50

Under

Under

80II-#3HM-1.0-S

126.2

1.0

80

0.50

Over

Over

80II-#4HM-2.0-S

124.7

2.0

80

0.50

Over

Over

120II-#2S-0.5-S

127.8

0.5

120

0.50

Under

Under

120II-#3HM-1.0-S

126.2

1.0

120

0.50

Over

Over

120II-#4HM-2.0-S

124.7

2.0

120

0.50

Over

Over

120II-#3HM-1.0-I0.71

126.2

1.0

120

0.50

Over

Over

120II-#3HM-1.0-I0.533

126.2

1.0

120

0.50

Over

Over

120II-#3HM-1.0-I0.355

126.2

1.0

120

0.50

Over

Over

120II-#4HM-2.0-I1.1

124.7

2.0

120

0.50

Over

Over

120II-#4HM-2.0-I0.825

124.7

2.0

120

0.50

Over

Over

120II-#4HM-2.0-I0.550

124.7

2.0

120

0.50

Over

Over

where: 𝑑 = Effective depth, 𝜌𝑓 = GFRP reinforcement ratio, 𝑓′𝑐 = Design
characteristic concrete strength, 𝜌𝑠 = Shear reinforcement ratio.
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The construction process for the GFRP RC beams involved multiple steps prior to
experimental testing. Initially, the manufacturing and bending of the steel shear
reinforcement was completed using a bending jig apparatus with four steel bolts,
with dimensions of 70 mm x 120 mm to bend the 4 mm stirrups as shown in Figure
3-14. Each stirrup was 450 mm in length, which allowed for closed hoops to be
constructed with a 45 degree 30 mm hook for anchorage. This hook for anchorage
was created by drilling a smaller bolt in between two of the main steel bolts. For
series I, each GFRP RC beam required a total of 24 stirrups, and for series II, 48
stirrups. A constructed stirrup and dimensions is shown Figure 3-15(a) and Figure
3-15(b), respectively.

The reinforcement cages were then created by attaching the steel stirrups to the
GFRP reinforcement bars at the required centres. This general arrangement is shown
in Figure 3-16, which involved using three frames to hold the GFRP reinforcement
bars, and then secured at each end using G-clamps and steel plates. The steel stirrups
were positioned and attached to the longitudinal GFRP reinforcement bars using a
steel tying tool and 110 mm tire wires. After completion of GFRP reinforcement
cages, see Figure 3-17, 15 mm steel teats were welded along the sides and bottom of
the stirrups to maintain a 15 mm clear concrete cover as shown in Figure 3-18.

(2)

(3)

120 mm

(1)
(4)
70 mm

Figure 3-14 Shear Reinforcement Bending Apparatus

(Note: In Figure 3-14, 1. Stirrup, 2. Bending tool, 3. Steel bolt and 4. Steel bolt for
45 degree hook)
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m

120

Ø

4m

70

a) Steel Stirrup

b) Steel Stirrup Dimensions

Figure 3-15 Steel Reinforcing Stirrup Properties

(3)

(2)

(1)
Figure 3-16 Apparatus for Manufacturing GFRP Reinforcement Cages

(Note: In Figure 3-16, 1. Frame for supporting reinforcement cages, 2. Stirrup and 3.
GFRP reinforcement bar)
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Figure 3-17 Completed GFRP Reinforcement Cages

(1)

(1)
Figure 3-18 Steel Teats for 15 mm Concrete Cover

(Note: In Figure 3-18 1. 15 mm steel teats)
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For measuring strain of composite materials (GFRP reinforcement bars), strain
gauges classified as BFLA-5-8-3L were used. One strain gauge was attached to the
centre of each tensile GFRP reinforcement bar for all GFRP RC beams under static
and impact loading as shown in Figure 3-19. The exterior sand coat of the GFRP
reinforcement bar was removed to produce a smooth, flat surface. Acetone was used
to clean the surface, to remove any particles or debris to improve the bond between
the strain gauge and GFRP reinforcement bar. A cyanoacrylate adhesive was used to
bond the strain gauge to the GFRP reinforcement bar, with silicone sealant applied
over the strain gauge to prevent any damage during casting and environmental
factors such as moisture. Strain gauges were tested using a multimeter to check the
resistance prior to experimental testing.

(1)

Figure 3-19 Strain Gauge Installation on a GFRP Reinforcement Bar

(Note: In Figure 3-19, 1. BFLA-5-8-3L strain gauge)

After installation of the strain gauges, the GFRP reinforcement cages were
positioned and lowered into the formwork, after oiling the insides to help in assisting
with removal after casting and curing of the concrete. The GFRP reinforcement
cages were carefully centred to ensure the side cover of 15 mm was maintained from
the steal teats. As shown in Figure 3-20, a timber frame was drilled across the
formwork to secure the strain gauges prior to casting of concrete to prevent any
damage to the wires.
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(1)

(2)

Figure 3-20 Formwork and GFRP Reinforcement Cages Prior to Concrete Pouring

(Note: In Figure 3-20, 1. Timber frame for supporting strain gauges and 2.
Framework)

The concrete was then poured from the cement truck (for series I GFRP RC beams)
or hand mixed using the cement mixer (for series II GFRP RC beams) into the
formwork and vibrated using an electric vibrator to remove any air voids as shown in
Figure 3-21(a). Vibration was carefully and delicately done around the strain gauges
to prevent any damage to the strain gauges. The concrete was then finished and
trowelled after pouring to create a smooth, flat surface. The concrete cylinders were
then poured with concrete in two layers, with each layer rodded 25 times as shown in
Figure 3-21(b). The following day, the concrete cylinders were removed and placed
in the curing tank. Also, hessian was damped with water to cover the GFRP RC
beams for curing, see Figure 3-22. After one week curing period in the formwork, the
GFRP RC beams were removed for application of concrete strain gauges.
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(a) GFRP RC Beams

(b) Concrete Cylinders

Figure 3-21 Concrete Pouring Of Test Specimens

Figure 3-22 GFRP RC Beams during Curing

PFL-30-11-3L strain gauges were used for measuring concrete strain (only for static
GFRP RC beams). For both series, two strain gauges were attached to the concrete
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surface. For series I, the concrete strain gauges were positioned on the top surface, in
the middle, adjacent to the edges. However, for series II, since the GFRP RC beams
were subjected to three point bending, the concrete strain gauges were attached on
the side surfaces along the top, right underneath the application of the load cell. The
concrete surfaces (top and side) were initially smoothed off using emery paper before
a thin layer of araldite applied to the surface. A cyanoacrylate adhesive was then
used to bond the strain gauges to the concrete, with silicone sealant used as a
protective barrier.

(1)

Figure 3-23 Strain Gauge Installation on the Concrete Surface

(Note: In Figure 3-23, 1. PFL-30-11-3L strain gauge)
3.4
3.4.1

Experimental Setup and Experimental Procedure
Preliminary Material Testing

3.4.1.1 GFRP Reinforcement Tensile Test Specimens
The GFRP tensile test specimens were tested using the Instron 8033 universal testing
machine with a tensile capacity of 250 kN as shown in Figure 3-24. The steel
anchors for each GFRP reinforcement bar were positioned into the jaws of the
Instron and clamped using a pressurised hydraulic system. A 100 mm extensometer
was attached within the free length of the GFRP tensile test specimens to obtain
strain data up to total failure. This was attached since potential slippage of the
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interface between the jaws of the Instron machine and steel anchorage can occur and
thus reducing the accuracy of the strain measurement. The tensile test specimens
were gradually loaded at a constant rate of 1 mm/min till rupture. According to
ASTM D7205/D7205M (2011), failure should occur within 1 to 10 minutes from the
beginning of force application. The strain data from the extensometer and load from
the universal testing machine were recorded using the data acquisition system and
imported into an excel spreadsheet for critical analysis. A mean reading for the
tensile strength, elastic modulus and rupture strain was obtained including the stressstrain behaviour up until failure.

(2)
(3)

(1)

(2)

Figure 3-24 Experimental Setup for GFRP Tensile Test Specimens
(Note: In Figure 3-24, 1. 100 mm extensometer, 2. Steel anchor and 3. GFRP
reinforcement bar)
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3.4.1.2 GFRP Reinforcement Shear Test Specimens
The GFRP shear test specimens were also tested in the Instron 8033 universal testing
machine as shown in Figure 3-25. Two cylindrical steel plates (known as platten’s)
were clamped into the jaws and connected to the sides of the Instron via steel chains
and rings. These were used to help stabilise and rest the double shear apparatus on.
The whole arrangement was positioned into the Instron machine, and loaded in
compression at a rate of 1 mm/min until failure. The upper part of the double shear
apparatus was subjected to compression, exerting pressure downwards, allowing for
the GFRP reinforcement bar to be subjected to shearing forces and displacement at
the two joints (joint 1 and 2). Values of shear load and shear displacement were
monitored and subsequently recorded using the data acquisition system during
experimental shear testing.

(1)
(2) (3)
(4))

Figure 3-25 Experimental Setup for GFRP Shear Test Specimens

(Note: In Figure 3-25, 1. Steel chain, 2. Double shear apparatus, 3. GFRP
reinforcement bar sample and 4. Platten)
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3.4.1.3 Steel Reinforcement Test Specimens
The three steel reinforcement specimens were tested in the Instron 1343 universal
testing machine, with a tensile capacity of 100 kN in accordance with “Standard
Testing Methods and Definitions for Mechanical Testing of Steel Products” (ASTM
A370-14 2015). The clamp length from the Instron machine per side was 60 mm,
giving a free length of 120 mm. The tensile test specimens were loaded at a rate of
0.2 mm/min until failure. The data from the Instron machine was recorded using the
data acquisition system. Using the recorded data, stress-strain curves were plotted
and a mean yield strength, ultimate tensile strength and elastic modulus were
determined.

(2)

(1)

Free Length = 120 mm

(2)

Figure 3-26 Experimental Setup for Steel Reinforcement Test Specimens

(Note: In Figure 3-26, 1. Steel reinforcement bar and 2. 60 mm clamp)
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3.4.2

GFRP RC Beams

3.4.2.1 Static Loading
The experimental test set-up for the GFRP RC beams under static loading involved
placing the beams between two steel I-beams with a clear span of 2000 mm and with
a 200 mm overhang on each side. The beams were set up, simply supported, with a
pin support at one end and a roller support at the other end. The simply supported
conditions allowed for the GFRP RC beams to deflect under loading. For series I the
GFRP RC beams were tested under four point bending, see Figure 3-27 and Figure
3-28, with the loads applied at 667 mm from each support, using a steel spherical ball
placed at the centre of the steel I-beam to provide two equally concentrated loads.
The 1000 kN hydraulic controlled load cell used during testing had a smaller load
cell attached to the underside. The smaller load cell captured smaller load increments
applied to the GFRP RC beams. Mid-span deflection was measured by a linear
potentiometer attached to the under-side of the GFRP RC beams. For series II, the
GFRP RC beams were tested under three point bending, see Figure 3-29 and Figure
3-30, with a 600 kN hydraulic actuator anchored to an independent steel frame used
to apply a monotonic increasing load on a steel circular plate positioned at the midspan, as well as used to measure mid-span deflection.

All GFRP RC beams were tested under displacement controlled loading at a rate of 1
mm/min until failure. During testing, cracks were marked and the corresponding
loads were recorded to examine the behaviour of the GFRP RC beams at different
load intervals. The sequence and pattern of the cracks up until failure were also
investigated. Electrical resistance strain gauges were attached on the concrete surface
and on the tensile GFRP reinforcement bars to measure compressive concrete strain
and tensile strain, respectively. All data including load, mid-span deflection and
strain were recorded using a high speed data acquisition system.
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P
Steel I-Beam
Roller

30 mm Concrete Strain Gauge
150 mm
5mm GFRP
Strain Gauge

L/3=667 mm

Pin

L=2000 mm
Linear Potentiometer
Figure 3-27 Schematic Setup of GFRP RC Beams under Four-Point Bending

(8)

(3)

(7)

(5)

(6)

(2)

(1)

(4)
Figure 3-28 Experimental Set-up for Series I GFRP RC Beams under Static Loading

(Note: In Figure 3-28, 1. Roller, 2. GFRP RC beam, 3. Steel I beam, 4. Linear
potentiometer, 5. Concrete strain gauges (top surface), 6. Pin, 7. Steel roller and 8.
1000 kN hydraulic load cell)
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30 mm Concrete Strain Gauge

Steel Circular Plate

150 mm
Roller

5mm GFRP
Strain Gauge

L/2 =1000 mm

Pin

L=2000 mm

Figure 3-29 Schematic Setup of GFRP RC Beams under Three-Point Bending

(5)
(1)

(4)

(2)

(3)

Figure 3-30 Experimental Set-up for Series II GFRP RC Beams under Static Loading

(Note: In Figure 3-30, 1. Roller, 2. GFRP RC beam, 3. Pin, 4. Steel circular plate and
5. 600 kN hydraulic load cell)
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3.4.2.2 Impact Loading
The setup of the GFRP RC beams under impact loading involved using two different
apparatus for the two series. For series I, a small impact test rig (drop hammer) was
used to experimentally test the GFRP RC beams under impact loading as shown in
Figure 3-31. The mass of the drop hammer was 110 kg, with the six GFRP RC
beams subjected to a constant height of 1200 mm. For series II GFRP RC beams
under impact loading, a 580 kg high capacity drop weight apparatus used to apply
impact load as shown in Figure 3-32. The setup procedure for both series involved
fixing two concrete blocks (series I) or steel blocks (series II) to the floor to allow for
the GFRP RC beams to have a clear span of 2000 mm, with 200 mm overhang on
each side. All impact GFRP RC beams were simply supported, and subjected to three
point bending. For supports, series I had two steel rollers, with load cells positioned
underneath the supports used to measure the reaction forces. However, for series II,
the GFRP RC beams were positioned on a steel pin and steel roller. Reactions forces
for series II GFRP RC beams were not measured since data was collected from series
I to further understand dynamic equilibrium. To help in preventing rebound during
impact, straps were applied at the end supports (series I), whereas steel frame rollers
were connected to the steel blocks, which allowed the GFRP RC beams to roll during
impact (series II).

The major difference in apparatuses is that the drop hammer used in series I was
attached to a low friction linear bearing and not completely free falling. However, the
loss due to friction was expected to be minimum. The drop hammer was lifted up
using a motor and cable which included a clutch to allow the mass to brake or stop
whenever power was not supplied. The mass was connected to a rope which when
pulled in tension released the hammer from the cable, allowing it to fall onto the
GFRP RC beams. However, for series II, the apparatus was a free falling mass and
had the ability to be released from a maximum height of 6 m compared to 2 m for
series I drop hammer. The drop hammer was mechanically lifted to the required drop
height using the automotive control system and released using the electronic quick
release system.
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Dynamic mid-span deflections were determined by image processing technique using
the high-speed camera video recordings by positioning a leveller vertically close to
the mid-span of the GFRP RC beams. Black (series I) and white (series II) dot
displacement markers were drawn onto the GFRP RC beams to help in more
accurately predicting deflection using the high speed camera recordings as shown in
Figure 3-33 for series II. The recording rate of the high speed camera was 1000
frames per second.

The high-speed data acquisition system, NI-PXI-1050 was used to record all the data,
including impact load (load cells connected to the underside of the two drop
hammers), dynamic strain, dynamic reaction forces (load cells positioned underneath
supports for series I) with a frequency of 50,000 samples per second (series I) and a
frequency of 100,000 samples per second (series II), see Figure 3-34 for series II.

(8)
(7)

(1)

(6)
(5)

(2) (3)

(3)
(9)

(9)

(4)

Figure 3-31 Experimental Set-up for Series I GFRP RC Beams under Impact
Loading

(Note: In Figure 3-31, 1. GFRP RC beam, 2. Roller, 3. Support load cell, 4. Straps, 5.
Displacement markers, 6. Load cell, 7. Leveller, 8. 110 kg drop hammer and 9.
Concrete blocks)
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(1)

(2)
(3)

(5)
(6)
(4)

(7)

Figure 3-32 Experimental Set-up for Series II GFRP RC Beams under Impact
Loading

(Note: In Figure 3-32, 1. 580 kg drop hammer, 2. Load cell, 3. Support roller, 4.
Support pin, 5. Steel frame roller, 6. GFRP RC beam and 7. Steel block)
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(1)

(2)

Figure 3-33 Mid-Span Deflection Measurement for Series II GFRP RC Beams under
Impact Loading

(Note: In Figure 3-33, 1. White dot mark used for analysing dynamic mid-span
deflection and 2. Leveller)

(1)
(2)

Figure 3-34 Data Acquisition System and High Speed Camera for Series II GFRP
RC Beams under Impact Loading

(Note: In Figure 3-34, 1. Data acquisition system and 2. High speed camera)
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3.5

Summary

An experimental program was conducted with the aim to investigate the flexural
behaviour of GFRP RC beams under static loading and the behaviour of GFRP RC
beams under impact loading. Details presented in this chapter include the materials
for experimental testing, construction, instrumentation and experimental setup of
preliminary material testing and GFRP RC beams. Preliminary testing of materials
included experimentally investigating the tensile and shear behaviour of GFRP
reinforcement bars and tensile behaviour of steel reinforcement. Two series of GFRP
RC beams were constructed, series I and series I. Series I involved a total of 12
beams, manufactured with normal and high strength concrete, whereas series II also
included 12 GFRP RC beams which were constructed and cast with high strength
concrete, design characteristic concrete strength of 80 and 120 MPa. The other major
variable was the reinforcement ratio (𝜌𝑓 = 0.5%, 1.0% and 2.0%). The GFRP RC
beams were subjected to static loading (three and four point bending) and impact
loading using the drop hammer apparatuses. The two main variables analysed
(concrete strength and reinforcement ratio) were used to study the effect of different
parameters, see Table 3-9.
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Table 3-9 Summary of Parameters Investigated in Series I GFRP RC Beams
Series

Variables

Loading

Parameters

Condition

Investigated

Static
(Four Point
Bending)
𝑓 ′ 𝑐 = 40 and 80 MPa
I
𝜌𝑓 = 0.5%, 1.0% and 2.0%

Load carrying capacity, Midspan deflection, Concrete strain,
GFRP reinforcement strain,
Failure mode/Crack pattern
Dynamic bending resistance

Impact

(Impact load), Support reaction

Loading

forces, Dynamic mid-span

(110 kg drop

deflection, Dynamic GFRP

hammer)

reinforcement strain, Failure
mode/Crack pattern

𝑓′𝑐 = 80 and 120 MPa
𝜌𝑓 = 0.5%, 1.0% and 2.0%

II

Static
(Three point
Bending)

Impact
𝑓′𝑐 = 120 MPa

Loading

𝜌𝑓 = 1.0% and 2.0%

(580 kg drop
hammer)

Load carrying capacity, Midspan deflection, Concrete strain,
GFRP reinforcement strain,
Failure mode/Crack pattern
Dynamic bending resistance
(Impact load), Dynamic midspan deflection, Dynamic GFRP
reinforcement strain, Failure
mode/Crack pattern
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4 EXPERIMENTAL RESULTS

4.1

General

This chapter provides the experimental results of all test specimens, including
preliminary material testing results of GFRP reinforcement bars subjected to tension
and shear, tensile strength of steel reinforcement and compressive strength of
concrete. Results of the GFRP RC beams are split into two main sections for each
series. Each section consists of two subsections, that is static and impact loading. For
static loading, results are categorised in terms of failure mode and general behaviour,
load-deflection behaviour, energy absorption and load-strain behaviour in the
concrete and GFRP reinforcement bars. For impact loading, results are categorised in
terms of failure mode and general behaviour, dynamic mid-span deflection response,
resisting forces (inertia and reaction forces) (series I only), dynamic force-time
history response (series II only) and dynamic strain behaviour in the GFRP
reinforcement bars.
4.2
4.2.1

Preliminary Material Testing
Tensile Testing of GFRP Reinforcement

The tensile test specimens failed abruptly due to splitting and rupturing of the glass
fibres. There was no warning prior to failure. The glass fibres were completely
separated from each other within the free length. Stress-strain behaviour was linearelastic up to failure. The failure mode of all three different size diameter GFRP
reinforcement bars is shown in Figure 4-1, with a close up view of the fibres shown
in Figure 4-2 for specimen 4 (#3HM).
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(1)

(1)
(1)

a) #2S GFRP Bar#1

b) #3HM GFRP Bar #5

c) #4HM GFRP Bar #7

Figure 4-1 Failure of GFRP Tensile Test Specimens

(Note: In Figure 4-1, 1. Splitting of glass fibres)
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Figure 4-2 Close-Up View of Fibres after Failure of #3HM Specimen 4

The results from the experimental testing of tensile test specimens including the
mean tensile strength, rupture strain and modulus of elasticity are reported in Table
4-1. The stress-strain curves for the GFRP reinforcement bars, #2S, #3HM and
#4HM are shown in Figure 4-3, Figure 4-4 and Figure 4-5, respectively.

Table 4-1 Tensile Test Results of GFRP Reinforcement Bars
Tensile

Rupture

Elastic

Strength

Strain

Modulus

(MPa)

(%)

(GPa)

1 (#2S)

740

1.93

38.3

2 (#2S)

718

1.94

37.1

3 (#2S)

739

2.00

37.0

Mean

732

1.96

37.5

4 (#3HM)

1801

3.36

53.7

5 (#3HM)

1692

2.97

57.0

6 (#3HM)

1800

3.21

56.0

Mean

1764

3.18

55.6

7 (#4HM)

1642

3.43

47.9

8 (#4HM)

1605

3.27

49.1

9 (#4HM)

1567

3.21

48.9

Mean

1605

3.30

48.6

Specimen
(Designation)
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800

700

Stress (MPa)

600
500
400
300

Specimen 1 - #2S GFRP Bar

200

Specimen 2 - #2S GFRP Bar

100

Specimen 3 - #2S GFRP Bar

0
0

0.5

1

1.5
2
2.5
Strain (%)
Figure 4-3 Stress-Strain Curves for #2S GFRP Reinforcement Bars

2000
1800
1600

Stress (MPa)

1400
1200
1000
800
Specimen 4 - #3HM GFRP Bar

600

Specimen 5 - #3HM GFRP Bar

400

Specimen 6 - #3HM GFRP Bar

200
0
0

1

2
Strain (%)

3

4

Figure 4-4 Stress-Strain Curves for #3HM GFRP Reinforcement Bars
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1800
1600

Stress (MPa)

1400
1200
1000

800

Specimen 7 - #4HM GFRP Bar

600
Specimen 8 - #4HM GFRP Bar
400
Specimen 9 - #4HM GFRP Bar

200
0
0

1

2
Strain (%)

3

4

Figure 4-5 Stress-Strain Curves for #4HM GFRP Reinforcement Bars
4.2.2

Shear Testing of GFRP Reinforcement

The six GFRP shear test specimens failed due to shear at the two joints as shown in
Figure 4-6 for specimen #4. This failure caused the specimens to rupture into three
separate pieces. Figure 4-7 shows shear load versus shear displacement for all six
specimens. From Figure 4-7, a general trend of elastic, hardening and shear failure
was observed. The peak double shear load showed to vary from 36.2 kN (specimen
3) to 56 kN (specimen 5). The maximum shear load per face of shearing (single
shear) and correpsonding shear strength are reported in Table 4-2. As reported in
Table 4-2, the average peak shear load and shear strength per face of shearing were
calculated as 22.8 kN and 318 MPa, respectively.
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(a) Cross-Sectional View of Failure
of Shear Specimen

(b) Top View of Failure of Shear
Specimen

Figure 4-6 Shear Failure of GFRP Reinforcement Shear Specimen 4

60

Double Shear Load (kN)

50

40
Specimen 1

30

Specimen 2

Specimen 3

20

Specimen 4
Specimen 5

10

Specimen 6

0
0

1

2
3
4
Shear Displacement (mm)

5

Figure 4-7 Shear Load-Shear Displacement Curves
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Table 4-2 Shear Test Results of GFRP Reinforcement Bars
Single Face

Specimen

4.2.3

(Designation)

Shear Load (kN)

Shear Strength (MPa)

1 (#3HM)

21.3

297

2 (#3HM)

22.2

310

3 (#3HM)

18.1

253

4 (#3HM)

23.4

326

5 (#3HM)

28.0

392

6 (#3HM)

23.7

331

Mean

22.8

318

Tensile Testing of Steel Reinforcement

Table 4-3 reports the experimental material properties for the steel reinforcement.
The mean reading yield strength of the steel reinforcement bars was 583 MPa,
ultimate tensile strength was 640 MPa and elastic modulus was 158 GPa. The three
steel reinforcement specimens failed due to necking within the free length as shown
in Figure 4-8. The stress-strain behaviour of the steel reinforcement bars is shown in
Figure 4-9. The general behaviour of the stress-strain curve displayed linear-elastic
stress-strain relationship up until the yield point, followed by plastic behaviour over a
constant stress to the ultimate tensile strength with necking causing failure.

Table 4-3 Experimental Material Properties of Steel Reinforcement Bars
Yield
Specimen

Strength
(MPa)

Ultimate Tensile
Strength (MPa)

Elastic
Modulus
(GPa)

1

570

630

147

2

580

631

176

3

600

658

151

Mean

583

640

158
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(1)

Figure 4-8 Necking of a Steel Reinforcement Bar

(Note: In Figure 4-8, 1. Necking of steel reinforcement bar)

700
600

Stress (MPa)

500
400
300
Tensile Test Specimen 1
200

Tensile Test Specimen 2
Tensile Test Specimen 3

100
0
0

2

4
Strain (%)

6

8

Figure 4-9 Stress-Strain Curves for Steel Reinforcement Bars
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4.2.4

Compression Testing of Concrete Cylinders

The concrete cylinders were experimentally tested to measure the experimental
concrete compressive strength (𝜎𝑐 ) on the twenty eight day and on the days of testing
the GFRP RC beams under static and impact loading. All specimens were loaded in
compression in accordance with the Australian Standard “Determination of the
Compressive Strength of Concrete” (AS1012.9 2014) until failure. In total, thirty six
concrete cylinders were cast (eighteen per series).
4.2.4.1 Series I
The average concrete compressive strengths on the twenty eight day, on the day of
static testing and on the day of impact testing are reported in Table 4-4 for series I.
On the twenty eight day, concrete strength was calculated as 46.2 MPa and 60.4 MPa
for normal and high strength concrete, respectively. On the day of static testing,
normal strength concrete was measured as 55.4 MPa and 70.8 MPa for high strength
concrete. On the day of impact testing, normal strength concrete was 57.4 MPa and
the high strength concrete was 72.3 MPa.
Table 4-4 Experimental Concrete Compressive Strength
𝒇′ 𝒄 = 𝟒𝟎 𝐌𝐏𝐚
Cylinder

Day (Age)

1
2

(28 days)

3

Cylinder

46.3

1

46.1

2

46.1

3

59.6

4
Static
(66 days)

6
Mean
Impact
(133 days)

9
Mean

51.8

6

55.4

(28 days)

60.4
73.8
Static

(66 days)

53.6

9

65.6
73.0
70.8
74.5

7
8

63.0
55.4

Mean

57.6

𝝈𝒄 (MPa)
62.8

4
5

57.4

Day (Age)

Mean

54.7

61.1

7
8

𝝈𝒄 (MPa)

46.2

Mean

5

𝒇′ 𝒄 = 𝟖𝟎 𝐌𝐏𝐚

Impact
(133 days)

70.4
72.0

Mean

72.3
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4.2.4.2 Series II
The average concrete compressive strengths for both static and impact testing on the
28th day and on the days of static and impact testing are reported in Table 4-5 for
series II. On the 28th day, for 80 MPa concrete (for the GFRP RC beams under static
loading), an average of 84.6 MPa was calculated, and for 120 MPa concrete,
strengths of 100.5 MPa and 102.0 MPa were calculated for the GFRP RC beams on
the day of static and impact loading, respectively. For the GFRP RC beams under
static loading, on the day of testing (on the 62nd day), concrete strength was
measured as 95.2 MPa (for 80 MPa) and 116.0 MPa (for 120 MPa). For the six
GFRP RC beams under impact loading, on the day of testing (on the 58 th day),
average concrete strength was 116.6 MPa (for 120 MPa). Mix designs provided by a
concrete technical officer from Boral were relatively accurate and consistent to the
design required concrete strengths see Table 4-6.

Table 4-5 Concrete Compressive Strength
Static Testing
𝒇′ 𝒄 = 𝟖𝟎 𝐌𝐏𝐚
Cylinder

Day

𝒇′ 𝒄 = 𝟏𝟐𝟎 𝐌𝐏𝐚
𝝈𝒄

(Age) (MPa)
86.2

1
(28

2

days)

3

Cylinder

Day

85.1

2

82.4

3

𝒇′ 𝒄 = 𝟏𝟐𝟎 𝐌𝐏𝐚
𝝈𝒄

(Age) (MPa)
97.5

1

84.6

Mean

Impact Testing

(28
days)

Cylinder

𝝈𝒄

(Age)

(MPa)
107.9

1

104.5

2

99.4

3

100.5

Mean

Day

(28
days)

98.7
99.4
102.0

Mean

4

Static

90.1

4

Static

120.0

4

Impact

119.1

5

(62

98.3

5

(62

111.8

5

(58

118.3

6

days)

97.2

6

days)

116.2

6

days)

112.5

Mean

95.2

Mean

116.0

Mean

116.6
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Table 4-6 Trial Mixes for Concrete Compressive Strength
𝒇′ 𝒄 = 𝟖𝟎 𝐌𝐏𝐚
Cylinder

𝒇′ 𝒄 = 𝟏𝟐𝟎 𝐌𝐏𝐚

Age

𝝈𝒄

(Days)

(MPa)

Cylinder

Age

𝝈𝒄

(Days)

(MPa)

70.1

1

2

71.3

2

3

98.1

3

91.8

82.2

4

108.3

90.4

5

1

4

(7 days)

(28 days)

5

86.0
(7 days)

(28 days)

8

4.3

104.5
101.9

6
7

89.6

118.5
(56 days)
112.4

Results of Series I

The experimental results for the GFRP RC beams under static loading and impact
loading in series I are reported in Section 4.3.1 and Section 4.3.2, respectively.
Results for static testing are analysed in terms of failure mode, general behaviour,
crack pattern, load-deflection response, energy absorption capacity and load-strain
behaviour in the concrete and GFRP reinforcement bars. Results for impact testing
are analysed in terms of failure mode, general behaviour, crack pattern, dynamic
mid-span deflection, breakdown of resisting forces and dynamic strain in the GFRP
reinforcement bars.
4.3.1

GFRP RC Beams under Static Loading

4.3.1.1 Failure Mode and General Behaviour
The failure mode for the GFRP RC beams in series I are reported in Table 4-7. For
the over-reinforced GFRP RC beams, “failure” was considered at the first major drop
in load-carrying capacity and this point was defined as peak 1, that is at the point
when crushing of concrete cover occurred (𝜀𝑐𝑢 = 0.003 or 0.0035 according to ACI
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(2012) and CSA (2012), respectively). However, reserve capacity or “ductility” was
noticed past peak 1 up to the actual experimental failure (shear failure, defined as
peak 2) for the over-reinforced GFRP RC beams. The balanced and under-reinforced
GFRP RC beams failed due to the rupture of the GFRP reinforcement bars and had
no reserve capacity or post peak 1 behaviour (only peak 1). The GFRP RC beams are
broken down in terms of their general behaviour in terms of cracking and failure
mode: balanced, GFRP reinforcement rupture and concrete crushing.

Table 4-7 Experimental Failure Modes of GFRP RC Beams under Static Loading
Experimental Failure Mode
GFRP RC Beam

At Peak 1

At Peak 2

40I-#2S-0.5-S

Balanced Failure

N/A

40I-#3HM-1.0-S

Concrete Crushing of Cover

Shear Failure

40I-#4HM-2.0-S

Concrete Crushing of Cover

Shear Failure

80I-#2S-0.5-S

GFRP Reinforcement Rupture

N/A

80I-#3HM-1.0-S

Concrete Crushing of Cover

Shear Failure

80I-#4HM-2.0-S

Concrete Crushing of Cover

Shear Failure

GFRP RC Beam 40I-#2S-0.5-S was the first tested beam under static loading. During
experimental testing, initially, the GFRP RC beam was elastic, due to high precracking bending stiffness (373 kNm2). The beam was able to sustain load over a
very small deflection prior to cracking. First signs of flexural cracking occurred
around the mid-span and in the constant moment region at a load of approximately 4
kN (cracking load of 4 kN), see Figure 4-10.

As the load gradually increased, flexural cracks began to extend towards the
supports. All cracks initially formed from the tension zone and propagated vertically
towards the compression zone. The majority of the cracks propagated throughout the
height of the GFRP RC beam. Widening of existing cracks occurred, especially
around the mid-span, before the GFRP RC beam failed with no prior warning of
collapse. The GFRP tensile reinforcement bars ruptured at the mid-span, causing
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failure, with concrete crushing of the cover also occurring on the top surface. These
two failure modes occurred simultaneously, indicating a balanced failure, see Figure
4-11. The concrete cover crushed and separated from the GFRP RC beam, with the
tensile GFRP reinforcement bars rupturing into two pieces, causing the flexural crack
at the mid-span to significantly widen, ultimately resulting in failure. Figure 4-12
shows the crack pattern and failure mode for GFRP RC Beam 40 I-#2S-0.5-S. GFRP
RC beam 40I-#2S-0.5-S demonstrated a pure flexural failure.

(1)
(1)
(2)
Figure 4-10 Initial Vertical Flexural Cracks of Beam 40I-#2S-0.5-S
(Note: In Figure 4-10, 1. Loading points and 2. Vertical cracks)

(1)

(2)

Figure 4-11 Balanced Failure of GFRP RC Beam 40I-#2S-0.5-S
(Note: In Figure 4-11, 1. Crushing of concrete cover and 2. GFRP reinforcement
rupture)
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Concrete Crushing
of Cover

Pure Flexure Zone
Avg Spacing=100mm

GFRP Rupture

Figure 4-12 Schematic of Cracking Pattern of GFRP RC Beam 40I-#2S-0.5-S
The general behaviour and cracking pattern of GFRP RC beam 80 I-#2S-0.5-S was
similar to that of GFRP RC beam 40I-#2S-0.5-S. The behaviour of GFRP RC beam
80I-#2S-0.5-S showed initial signs of vertical flexural cracks (at a cracking load of
3.6 kN) within the pure flexure region (Figure 4-13). These initial cracks continued
to expand and propagate vertically, closer towards the compression zone. As the load
increased, additional flexural cracks developed throughout the span of the GFRP RC
beam, closer to the supports. The major flexural cracks throughout the span of the
GFRP RC beam were quite consistent with average flexural crack spacing of 100
mm (spacing of shear reinforcement). At failure, the GFRP reinforcement bars in
tension ruptured (Figure 4-14), at a load carrying capacity of 15.5 kN, with a
measured mid-span deflection of 54.5 mm. There was no prior warning of collapse of
the GFRP RC beam. Even though the GFRP RC beam was tested under deflection
control load application, the specimen ruptured into two pieces and thus the
deflection wasn’t recovered. Figure 4-15 shows the crack pattern and failure mode
for GFRP RC Beam 80I-#2S-0.5-S, indicating a pure flexural failure.

Figure 4-13 Vertical Flexural Cracks of GFRP RC Beam 80I-#2S-0.5-S
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(1)
Figure 4-14 GFRP Tensile Reinforcement Rupture of GFRP RC Beam 80I-#2S-0.5-S
(Note: In Figure 4-14, 1. GFRP reinforcement rupture)

Concrete Crushing

Pure Flexure Zone
Avg Spacing=100mm

GFRP Rupture

Figure 4-15 Schematic of Cracking Pattern of GFRP RC Beam 80I-#2S-0.5-S
The four remaining GFRP RC beams with reinforcement ratios of 𝜌𝑓 = 1.0% and
𝜌𝑓 = 2.0% were designed as over-reinforced, that is concrete crushing governs. This
is the preferred failure mode of FRP RC beams because it is more of a “ductile”
response compared to GFRP reinforcement rupture. Nanni (1993b) reported that
some plastic behaviour occurs for FRP RC beams designed as over-reinforced prior
to failure.

The over-reinforced GFRP RC beams all displayed similar behaviour up until total
collapse. Initially, formations of vertical cracks were present from the tensile zone in
the pure flexure region (Figure 4-16). These cracks continued to propagate vertically
throughout the height of the GFRP RC beams. As the load increased, formations of
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additional flexural cracks were evident, with minor flexural-shear cracks developing
close to the supports (Figure 4-17). New minor flexural cracks in the pure flexure
region started to develop before concrete crushing of the cover on the top surface
(peak 1), between the two loading points, see Figure 4-18.

Figure 4-16 Formation of Initial Vertical Flexural Cracks (GFRP RC Beam 40I#3HM-1.0-S)

Figure 4-17 Formation of Flexural-Shear Cracks (GFRP RC Beam 80I-#4HM-2.0-S)

Figure 4-18 Concrete Crushing of Cover of GFRP RC Beam 40I-#3HM-1.0-S
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In contrast to GFRP RC beams 40I-#2S-0.5-S and 80I-#2S-0.5-S, signs of “ductility”
were observed for GFRP RC beams 40I-#3HM-1.0-S, 40I-#4HM-2.0-S, 80I-#3HM1.0-S and 80I-#4HM-2.0-S. After concrete crushing of the 15 mm cover occurred on
the top surface, the GFRP RC beams were able to sustain additional load as a result
of the confinement of the concrete within the stirrups before total failure. The core
concrete confined by the stirrups had the ability to undergo further compressive
strains. At the point when crushing of concrete cover occurred, the strain in the
GFRP reinforcement bars was lower than the rupture strain. Thus, the GFRP
reinforcement bars had the capacity to experience higher tensile strains and thus
continued taking the increase in tensile load. As the load continued to increase, the
GFRP RC beams began showing signs of shear cracking, propagating from either the
left or right support (Figure 4-19). These shear cracks were identified as shearcritical, ultimately causing the total collapse of the four over-reinforced GFRP RC
beams (peak 2), see Figure 4-20 . The critical shear cracks resulted in the rupture of
the tensile concrete cover (Figure 4-20) as well as additional concrete crushing of
cover on the top surface (Figure 4-21). The shear cracking caused one of the GFRP
RC beams to experience buckling of the compressive reinforcement bars as shown in
Figure 4-22 (GFRP RC 40I-#3HM-1.0-S). Figure 4-23, Figure 4-24, Figure 4-25 and
Figure 4-26 show the crack pattern at total failure for GFRP RC beams 40 I-#3HM1.0-S, 80I-#3HM-1.0-S, 40I-#4HM-4.0-S and 80I-#4HM-4.0-S, respectively.

(1)

Figure 4-19 Formation of Critical Shear Cracks of GFRP RC beam 80I-#3HM-1.0-S
(Note: In Figure 4-19, 1. Formation of critical shear cracks)
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(1)
(2)

Figure 4-20 Shear Failure of GFRP RC beam 80I-#3HM-1.0-S
(Note: In Figure 4-20, 1. Critical shear crack and 2. Rupture of tensile concrete
cover)

(1)

Figure 4-21 Further Concrete Crushing of Cover of an Over-Reinforced GFRP RC
Beam (GFRP RC beam 80I-#4HM-2.0-S)
(Note: In Figure 4-21, 1. Concrete crushing of cover outside pure flexure zone)

(1)

Figure 4-22 Buckling of Compressive GFRP Reinforcement Bar (GFRP RC Beam
40I-#3HM-1.0-S)
(Note: 1. In Figure 4-22, Bucking of GFRP reinforcement bars)
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Concrete Crushing
of Cover

Concrete Crushing

Buckling of GFRP Rod

Concrete Crushing

Pure Flexure Zone

Avg Spacing=100mm

Figure 4-23 Schematic of Cracking Pattern of GFRP RC Beam 40I-#3HM-1.0-S

Concrete Crushing of Cover

Pure Flexure Zone

Concrete Cover Crushing

Figure 4-24 Schematic of Cracking Pattern of GFRP RC Beam 40I-#4HM-2.0-S

Concrete Crushing

Pure Flexure Zone Concrete Cover Crushing
Figure 4-25 Schematic of Cracking Pattern of GFRP RC Beam 80I-#3HM-1.0-S

Concrete Crushing Concrete Crushing
of Cover
of Cover

Pure Flexure Zone
Avg Spacing=100mm

Concrete Crushing

Figure 4-26 Schematic of Cracking Pattern of GFRP RC Beam 80I-#4HM-2.0-S
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4.3.1.2 Load-Deflection Behaviour
The experimental load-deflection graphs for the GFRP RC beams under static
loading are shown in Figure 4-27. The six curves presented illustrate the mid-span
deflection results obtained from the linear potentiometer. The GFRP RC beams
displayed a bi-linear relationship up until total failure. The first linear portion of each
graph was representative of the un-cracked section of the GFRP RC beams (Figure
4-28), displaying high levels of bending stiffness (between 373 kNm2 and 894
kNm2). Once cracking of concrete occurred (between loads of 2.3 kN to 4.3 kN), a
significant reduction in bending stiffness was evident (between 30 kNm2 and 142
kNm2). This can be attributed to the low elastic modulus of the GFRP reinforcement
bars. The second part of the graph represents the cracked section of the GFRP RC
beams. This stage continued to increase linearly until failure.
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80I-#4HM-2.0-S
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Figure 4-27 Load-Deflection Behaviour of GFRP RC Beams
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40I-#3HM-1.0-S
40I-#4HM-2.0-S
80I-#2S-0.5-S
80I-#3HM-1.0-S
80I-#4HM-2.0-S
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6
Deflection (mm)
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Figure 4-28 Load-Deflection Behaviour of the Un-Cracked GFRP RC Beams

(Note: In Figure 4-28, 1. In box, first linear section of GFRP RC beams loaddeflection behaviour (pre-cracking))

For the over-reinforced GFRP RC beams, an amount of reserve capacity or
“ductility” was present prior to total shear failure as shown in Figure 4-29. The initial
stage of concrete crushing of the cover (peak 1), was illustrated by a drop in the load
carrying capacity. At this stage, the energy absorption capacity (𝐸𝑎𝑏𝑠 ) was
calculated. However the GFRP RC beams were able to continue to sustain load as a
result of concrete confinement as previously mentioned. The load continued to
increase and post peak 1 the formation of shear cracks began propagating from the
support regions before total failure caused by critical shear cracks (peak 2), resulting
in the GFRP RC beams being unable to sustain or carry any more load. One
difference was that GFRP RC beam 80I-#3HM-1.0-S showed the highest signs of
reserve capacity by a plateau in load prior to total shear failure (peak 2). During this
stage, the GFRP RC beam continued to sustain load even though the formation of
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shear cracks were present. After the load was removed for the over-reinforced GFRP
RC beams, a small amount of deflection was recovered due to the linear-elastic
behaviour of the GFRP reinforcement bars (no yielding present).

50

Peak 2 (Shear Failure)
Peak 1 (Concrete Crushing
of Cover)

40

4

Reduction in Pre to
Load (kN)

6

5

Post-Cracking

30

Bending Stiffness
20

3

Peak 1 (Rupture of GFRP

Concrete
confinement
and start of
shear failure

Reinforcement Bars (underreinforced/balanced GFRP

10

RC beams)

2
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1
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60
Deflection (mm)
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Figure 4-29 Detailed Explanation of a Load-Deflection Graph for an OverReinforced GFRP RC Beam (GFRP RC Beam 40I-#3HM-1.0-S)
The load carrying capacity of the GFRP RC beams at peaks 1 and 2, including
corresponding mid-span deflections are reported in Table 4-8. Cracking load and
cracking mid-span deflection results are also included. Table 4-9 reports the
differences in experimental pre- and post-cracking bending stiffness’s.
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Table 4-8 Load and Deflection Results for GFRP RC Beams
Cracking
GFRP RC Beam

Peak 1

Peak 2

Load

Deflection

Load

Deflection

Load

Deflection

(𝐤𝐍)

(𝐦𝐦)

(𝐤𝐍)

(𝐦𝐦)

(𝐤𝐍)

(𝐦𝐦)

40I-#2S-0.5-S

4.2

1.8

13.8

52.2

40I-#3HM-1.0-S

3.1

0.8

39.2

60.4

43.4

85

40I-#4HM-2.0-S

2.3

0.44

49.7

59.9

53.4

81

80I-#2S-0.5-S

3.5

0.8

15.5

54.5

80I-#3HM-1.0-S

4.0

0.9

42.6

56.3

46.2

114.1

80I-#4HM-2.0-S

3.8

0.8

49.5

47.3

52.3

64

N/A

N/A

Table 4-9 Pre-and Post-Cracking Bending Stiffness’s of GFRP RC Beams
Pre-Cracking Bending

Post-Cracking Bending

Stiffness (𝐤𝐍𝐦𝟐 )

Stiffness (𝐤𝐍𝐦𝟐 )

40I-#2S-0.5-S

372.6

29.8

40I-#3HM-1.0-S

655.4

83.4

40I-#4HM-2.0-S

893.6

115

80I-#2S-0.5-S

841

32

80I-#3HM-1.0-S

516

104

80I-#4HM-2.0-S

719

142

GFRP RC Beam

A sequence of the behaviour for a typical over-reinforced GFRP RC beam (GFRP
RC beam 80I-#3HM-1.0-S) is shown in Figure 4-30 and Figure 4-31 (GFRP RC
beams 40I-#2S-0.5-S (balanced) and 80I-#2S-0.5-S (under-reinforced)) using a
numbering system shown in Figure 4-29.
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(a) Number 1

(b) Number 2

(c) Number 3

(d) Number 4
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(e) Number 5

(f) Number 6
Figure 4-30 Sequence of Behaviour (GFRP RC Beam 80I-#3HM-1.0-S)

(a) Number 1
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(b) Number 2

(c) Number 3

GFRP Rupture (GFRP RC Beam 40I-#2S-

Balanced Failure (GFRP RC Beam 80I-

0.5-S)

#2S-0.5-S)
(d) Number 4

Figure 4-31 Sequence of Behaviour (Under-Reinforced/Balanced GFRP RC Beams)
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4.3.1.3 Energy Absorption Capacity
The energy absorption capacities (𝐸𝑎𝑏𝑠 ) and reserve capacitates were determined by
calculating the area under the load-deflection graph for the GFRP RC beams under
static loading. For the over-reinforced GFRP RC beams, an amount of reserve
capacity or “ductility” was present prior to total failure as shown in Figure 4-32. This
was evident because at the first point of concrete cover crushing (first drop in load
carrying capacity), the GFRP RC beams were able to continue to hold load before
total shear failure. However, GFRP RC beams 40I-#2S-0.5-S and 80I-#2S-0.5-S had
no reserve capacity since the rupture of the GFRP reinforcement bars caused the total
collapsed the beams as show in Figure 4-33. Table 4-10 and Figure 4-34 report and
show a summary, respectively, of the energy absorption capacities calculated for the
GFRP RC beams up until peak 1 and reserve capacity for the over-reinforced GFRP
RC beams. The total energy absorption capacities ranged from 435 J to 3824 J.

Table 4-10 Energy Absorption Capacities of GFRP RC Beams
Energy Absorption

Reserve

Total Energy

up to Peak 1 (𝑬𝒂𝒃𝒔 ) (𝐉)

Capacity (𝐉)

Absorption (𝐉)

40I-#2S-0.5-S

435

0

435

40I-#3HM-1.0-S

1373

949

2322

40I-#4HM-2.0-S

1790

998

2788

80I-#2S-0.5-S

518

0

518

80I-#3HM-1.0-S

1350

2474

3824

80I-#4HM-2.0-S

1292

864

2156

GFRP RC Beam
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Figure 4-32 Energy Absorption Capacity for an Over-Reinforced GFRP RC Beam
(GFRP RC beam 40I-#3HM-1.0-S)
(Note: In Figure 4-32, 1. Energy absorption capacity, 𝐸𝑎𝑏𝑠 and 2. Reserve capacity or

Load (kN)

“ductility”)
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Figure 4-33 Energy Absorption Capacity for GFRP RC Beam 80I-#2S-0.5-S
(Note: In Figure 4-33, 1. Energy absorption capacity, 𝐸𝑎𝑏𝑠 )
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Figure 4-34 Energy Absorption Capacity of GFRP RC Beams

4.3.1.4 Load-Strain Behaviour in Concrete and GFRP Reinforcement Bars
As previously mentioned, one strain gauge was attached to each GFRP tensile
reinforcement bar and two strain gauges on the top surface of the concrete at the midspan, to measure average strain. The load-strain behaviour for the GFRP
reinforcement bars and concrete as shown in Figure 4-35 also displayed a bi-linear
relationship. For the GFRP reinforcement bars, prior to concrete cracking, strain was
shown to be relatively linear until the formation of the first flexural crack. The
average strain rate increased rapidly in the tensile GFRP reinforcement bars once
cracking initiated, as shown in Figure 4-35, especially for GFRP RC beams 40I-#2S0.5-S and 80I-#2S-0.5-S. As reported in Table 4-11, the average GFRP reinforcement
strain was in the vicinity of 0.88%-1.3% at peak 1 for the GFRP RC beams. For
GFRP RC beams 40I-#2S-0.5-S, 80I-#2S-0.5-S and 80I-#3HM-1.0-S, the strain
gauges attached to the GFRP reinforcement bars failed and became damaged prior to
peak 1 which could have been attributed to the formation of cracks or separation
191

Chapter 4: Experimental Results

between the GFRP reinforcement bar and strain gauge as load increased. Thus, since
the behaviour of post-cracking strain was shown to be linear, linear regression
analysis was done to obtain the average strain at peak 1 at the load the GFRP RC
beams failed or cover of concrete crushed.

For the over-reinforced GFRP RC beams, average GFRP reinforcement tensile strain
(between 0.88% - 1.2%) at peak 1 was shown to be lower than the rupture strain
obtained from preliminary testing (3.18% for #3HM GFRP reinforcement bar and
3.30% for #4HM GFRP reinforcement bar), indicating the failure mode of concrete
crushing governing. However, for GFRP RC beams 40 I-#2S-0.5-S and 80I-#2S-0.5S, at failure, average GFRP reinforcement strain was only 1.0% and 1.3%,
respectively, lower than the rupture strain of 1.96% from preliminary material
testing.

Also reported in Table 4-11 is the average concrete strain for the GFRP RC beams
from the top surface at peak 1. From initial loading to failure, the load-strain
relationship for concrete was shown to be bi-linear as shown in Figure 4-35. For the
over-reinforced GFRP RC beams, the average strain in the concrete at peak 1 (when
concrete cover crushed) varied between 0.0022-0.0033, which is relatively accurate
in terms of the expected strain and is in accordance with the assumption of the
maximum usable compressive strain of 0.003 as specified in ACI (2015). However,
for the GFRP RC beam 40I-#2S-0.5-S, average concrete strain at failure was only
0.0014, lower than the assumed maximum usable compressive strain of 0.003 or
0.0035 according to ACI (2015) and CSA (2012), respectively. Finally, GFRP RC
beam 80I-#2S-0.5-S, average concrete strain at failure was 0.001, lower than the
assumed maximum compressive strain of 0.003 or 0.0035 as expected since the beam
failed by GFRP reinforcement rupture (0.001 < 0.003 or 0.0035).
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Figure 4-35 Load-Strain Behaviour of GFRP Reinforcement Bars and Concrete

(Note: In Figure 4-35, 1. Linear regression analysis to obtain strain at peak 1)
Table 4-11 Average Concrete and GFRP Strain Readings under Static Loading
Average Strain at Peak 1
GFRP RC Beam

𝜺𝒇𝒓𝒑.𝒂𝒗𝒈
(%)

𝜺𝒄.𝒂𝒗𝒈

40I-#2S-0.5-S

1.0*

0.0014

40I-#3HM-1.0-S

1.2

0.0029

40I-#4HM-2.0-S

0.98

0.0033

80I-#2S-0.5-S

1.3*

0.001

80I-#3HM-1.0-S

0.88*

0.0022

80I-#4HM-2.0-S

0.93

0.0027
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* Data was extrapolated using linear regression analysis to calculate strain at Peak 1
Where, 𝜀𝑓𝑟𝑝.𝑎𝑣𝑔 = average strain in the GFRP tensile reinforcement, 𝜀𝑐.𝑎𝑣𝑔 = average
concrete strain.
4.3.2

GFRP RC Beams under Impact Loading

4.3.2.1 Failure Mode and General Behaviour
The experimental failure mode for each GFRP RC beam in series I under impact
loading is reported in Table 4-12. The GFRP RC beams were subjected to a constant
height of 1200 mm. The mass of the drop hammer was 110 kg. This provided an
impact energy from the drop hammer of 1295 J. This height was chosen based on
approximately the average energy absorption capacity of the GFRP RC beams under
static loading at peak 1, as this was considered “failure”. However minimal damage
was observed for the four over-reinforced GFRP RC beams after the first drop (drop
1) and thus were subjected to an additional drop (drop 2). GFRP RC beams 40I-#2S0.5-I and 80I-#2S-0.5-I failed due to rupture of the GFRP reinforcement bars as the
impact energy from the drop hammer was substantial to cause failure. The GFRP RC
beams are broken down in terms of their general behaviour in terms of cracking and
failure mode; balanced, GFRP reinforcement rupture and concrete crushing.

Table 4-12 Experimental Failure Mode of GFRP RC Beams under Impact Loading
GFRP RC Beam

Experimental Failure Mode
Drop 1
40I-#2S-0.5-I

40I-#3HM-1.0-I

Balanced failure with vertical
flexural cracks

N/A

Minor concrete crushing of

Additional crushing of cover

cover and minor shear

with additional shear cracking,

cracking around impact zone

“shear plug”

Minor concrete crushing of
40I-#4HM-2.0-I

Drop 2

cover and minor shear
cracking around impact zone

Additional crushing of cover
with substantial shear cracking
observed around impact zone and
closer towards supports
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GFRP tensile and
80I-#2S-0.5-I

compressive rupture with

N/A

crushing of concrete cover

80I-#3HM-1.0-I

80I-#4HM-2.0-I

Minor concrete crushing of

Additional crushing of cover

cover and minor shear

with additional shear cracking,

cracking around impact zone

“shear plug”

Minor concrete crushing of

Additional crushing of cover

cover and minor shear

with additional shear cracking,

cracking around impact zone

“shear plug”

The first GFRP RC beam subjected to impact loading was GFRP RC beam 40 I-#2S0.5-I with the damage caused by the drop hammer shown in Figure 4-36. The impact
energy provided by the drop hammer was significant enough to cause substantial
damage to the GFRP RC beam. From static testing, the energy absorption capacity
was calculated as only 435 J, and thus under impact loading, the GFRP RC beam
experienced three times the amount of energy (1295 J) required to cause failure.
Vertical flexural cracks were evident around the impact area, before forming closer
to the supports. After the formation of cracks, the GFRP reinforcement bars ruptured
at the mid-span simultaneously with concrete crushing the cover, indicating a
balanced failure as shown in Figure 4-37. Figure 4-38 shows the crack pattern and
failure mode for GFRP RC Beam 40I-#2S-0.5-I, where the black sections symbolise
concrete crushing and the green sections represent the GFRP reinforcement bars.
GFRP RC Beam 40I-#2S-0.5-I demonstrated a pure flexural failure.

(1)

(1)

Figure 4-36 Formation of Flexural Cracks of GFRP RC Beam 40I-#2S-0.5-I

(Note: In Figure 4-36, 1. Vertical cracks)
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(1)

(2)
Figure 4-37 Balanced Failure of GFRP RC Beam 40I-#2S-0.5-I
(Note: In Figure 4-37, 1. Concrete crushing of cover and 2. GFRP reinforcement
rupture)

Concrete Crushing of Cover

GFRP Tensile Rupture

Figure 4-38 Schematic of Cracking Pattern of GFRP RC Beam 40I-#2S-0.5-I
The general behaviour and cracking pattern of GFRP RC beam 80 I-#2S-0.5-I was
similar to that of GFRP RC beam 40I-#2S-0.5-I. Again, the impact energy from the
drop hammer was substantial to cause major damage as the energy absorption
capacity was only 518 J from static testing. However one difference observed was
that the compressive GFRP reinforcement bars failed after impact loading, compared
to GFRP RC beam 40I-#2S-0.5-I. The applied impact energy of 1295 J caused the
GFRP RC beam to rupture into two pieces as shown in Figure 4-39. This can be
attributed to that higher strength concrete is more brittle to that of normal strength
concrete, resulting in more damage in GFRP RC beam 80 I-#2S-0.5-I. This caused the
concrete cover around the impact zone to crush and spall off. The GFRP
reinforcement bars in the tensile zone also ruptured during impact causing failure,
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resulting in the tensile concrete cover to spall off. Again, vertical cracks initiated
within the impact zone before forming closer towards the supports as shown in
Figure 4-40. Additional flexural cracks were evident throughout the span of the
GFRP RC beam compared to GFRP RC beam 40I-#2S-0.5-I. Again a pure flexural
failure was observed as shown in Figure 4-41.

(1)

(2)

Figure 4-39 Collapse of GFRP RC Beam 80I-#2S-0.5-I
(Note: In Figure 4-39, 1. Concrete crushing of cover and rupture of the GFRP
reinforcement compressive bars and 2. Rupture of the GFRP tensile reinforcement
bars)

(1)

(1)

Figure 4-40 Formation of Flexural Cracks of GFRP RC Beam 80I-#2S-0.5-I
(Note: In Figure 4-40, 1. Vertical cracks)

GFRP Compressive Rupture

Concrete Crushing of Cover

GFRP Tensile Rupture
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Figure 4-41 Schematic of Cracking Pattern of GFRP RC Beam 80I-#2S-0.5-I
For the four over-reinforced GFRP RC beams with 𝜌𝑓 = 1.0% and 𝜌𝑓 = 2.0%,
similar behaviour in terms of crack patterns, failure mode and overall general
behaviour were observed. As previously mentioned, these beams were examined
under two impact loads, since the GFRP RC beams response was predominately
elastic after the first drop, with minor damage. The elastic response after the first
drop was evident since the GFRP RC beams returned to their original positon, with
no signs of permanent deformation. The impact energy of 1295 J from the drop
hammer wasn’t sufficient to cause substantial damage, hence the additional drop
were applied.

After the initial drop, GFRP RC beams 40I-#4HM-2.0-I, 40I-#3HM-1.0-I, 80I-#3HM1.0-I and 80I-#4HM-2.0-I all displayed signs of minor shear cracking around the
impact zone with minimal damage of concrete cover. However, the GFRP RC
beams were still able to resist impact load by the overall minor structural damage
caused by the initial drop. After the second drop, a higher amount of damage was
observed, especially around the impact zone. The concrete cover totally crushed,
resulting in the exposure of the GFRP compressive reinforcement bars. A shear
“plug” type of failure occurred, where a plug shape was evident due to the inclination
of the shear cracks around the impact zone. This behaviour was noted by Saatci and
Vecchio (2009b) where high shear forces were experienced by the RC beams at the
impact point, resulting in shear plugs being developed. Saatci and Vecchio (2009b)
reported that all specimens, regardless of their shear capacity developed severe
diagonal shear cracks, forming a shear-plug under the impact point. This resonates
with the GFRP RC beams under impact (excluding GFRP RC beams 40I-#2S-0.5-I
and 80I-#2S-0.5-I), as the beams were designed to be flexure-critical but displayed a
shear “plug” type of failure. The cracks after the second impact weren’t critical but it
was evident that they were propagating at an angle, in the impact area. The cracks
formed were relatively parallel to each other on either side of the impact area, at
angles of approximately 45 degrees. Figure 4-42 shows the differences in cracking
pattern and concrete crushing of cover of the over-reinforced GFRP RC beams after
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the first and second drop. Also, the cracking pattern can be seen from Figure 4-43 to
Figure 4-46, with the red lines representing the cracks or propagation of cracks
formed during drop 2.

GFRP RC Beam 40I-#3HM-1.0-I

(a) Drop 1

(b) Drop 2

GFRP RC Beam 40I-#4HM-2.0-I

(c) Drop 1

(d) Drop 2

GFRP RC Beam 80I-#3HM-1.0-I

(e) Drop 1
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(f) Drop 2
GFRP RC Beam 80I-#4HM-2.0-I

(g) Drop 1

(h) Drop 2
Figure 4-42 Failure and Cracking Pattern of Over-Reinforced GFRP RC Beams for
Drop 1 and Drop 2

Concrete Crushing of Cover

Figure 4-43 Schematic of Cracking Pattern of GFRP RC Beam 40I-#3HM-1.0-I
Concrete Crushing of Cover

1

Figure 4-44 Schematic of Cracking Pattern of GFRP RC Beam 40I-#4HM-2.0-I
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Concrete Crushing of Cover

Figure 4-45 Schematic of Cracking Pattern of GFRP RC Beam 80I-#3HM-1.0-I

Concrete Crushing of Cover

Figure 4-46 Schematic of Cracking Pattern of GFRP RC Beam 80I-#4HM-2.0-I

4.3.2.2 Dynamic Mid-Span Deflection Response
The experimental dynamic mid-span deflections (∆𝑒𝑥𝑝 ) are reported in Table 4-13.
Dynamic mid-span deflections were determined by image processing technique using
high-speed camera video recordings. Dynamic mid-span deflection for GFRP RC
beams 40I-#2S-0.5-I and 80I-#2S-0.5-I could not be obtained due to rupture of GFRP
reinforcement bars during impact and thus data was only captured for the overreinforced GFRP RC beams. As shown in Figure 4-47, the image displays the high
speed recording at the maximum mid-span deflection for an over-reinforced GFRP
RC beam (at point 1). The leveller was used to help estimate deflection, slightly
offset from the mid-span, with black circular markers used to track deflections. The
load cell attached to the drop hammer is illustrated, with a white dotted mark
attached to highlight the mid-span of the GFRP RC beam. Using the image
processing software, dynamic maximum mid-span deflections were calculated,
ranging from 43.8 mm to 57.5 mm (Table 4-13). Once the dynamic mid-span
deflections were reached (as shown by point 1 in Figure 4-48), the over-reinforced
GFRP RC beams rebounded (since the tensile GFRP reinforcement did not reach
their rupture strain) and moved in the opposite direction. The GFRP RC beams
returned to their original position (mid-span deflection is zero) and continued into
negative deflection (deflecting upwards) also shown in Figure 4-48. It can be seen
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that negative deflection is greater than positive. However, positive deflection was the
main focus since this was when the drop hammer and GFRP RC beams were in
direct contact with each. Negative deflection (rebound) could have larger than the
positive deflection due to the beam bouncing on the supports. The beams were not
rigidly fixed from the upward movements at the supports, this may have caused
larger recorded vertical deflections. A summary of the dynamic mid-span-time
histories is shown in Figure 4-49.

Table 4-13 Dynamic Mid-Span Deflections
GFRP RC Beam

∆𝒆𝒙𝒑
(𝐦𝐦)

40I-#2S-0.5-I

*

40I-#3HM-1.0-I

57.5

40I-#4HM-2.0-I

52.3

80I-#2S-0.5-I

*

80I-#3HM-1.0-I

51.6

80I-#4HM-2.0-I

43.8

* Data not captured

Initial position of beam
before impact

Leveller

Dynamic mid-span deflection

Point of contact between
hammer and beam at mid-span
deflection
Tracking points

)

Figure 4-47 High Speed Camera Recording at Maximum Mid-Span Deflection

202

Chapter 4: Experimental Results

Dynamic Mid-Span Deflection (mm)

60
∆𝑒𝑥𝑝 ≈ 43.8 mm
40
20

Beam 80I-#4HM-2.0-I

0
0

0.05

0.1

0.15

0.2

-20
-40
Beams return to original
-60
-80

position before moving
in the upwards direction
Time (sec)

Figure 4-48 Dynamic Mid-Span Deflection-Time History of GFRP RC Beam 80I#4HM-2.0-I

80
Beam 40I-#3HM-1.0-I ∆𝑒𝑥𝑝 = 57.5 mm
Beam 40I-#4HM-2.0-I ∆𝑒𝑥𝑝 = 51.6 mm

Dynamic Mid-Span Deflection (mm)

60
40

Beam 80I-#3HM-1.0-I ∆𝑒𝑥𝑝 = 52.3 mm

20

Beam 80I-#4HM-2.0-I ∆𝑒𝑥𝑝 = 43.8 mm

0
0
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0.1

0.15

0.2

-20
-40
-60
-80
-100

Time (sec)
Figure 4-49 Dynamic Mid-Span Deflection-Time Behaviour
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4.3.2.3 Breakdown of Resisting Forces
The behaviour of the GFRP RC beams under impact loading can be seen more
clearly when the resisting forces including impact force, total reaction force and
inertial force are broken down into their components. The relationship between
resisting forces for a 30 ms window (from 0 ms to 30 ms) is shown in Figure 4-50,
Figure 4-51 and Figure 4-52 for GFRP RC beam 40I-#2S-0.5-I (balanced failure),
GFRP RC beam 80I-#2S-0.5-I (under-reinforced) and GFRP RC beam 40I-#4HM2.0-I (over-reinforced), respectively. The relationship between resisting forces and
time was similar for the four over-reinforced GFRP RC beams and thus only one
beam is illustrated. Also, the data shown for the GFRP RC beams is for drop 1.

Figure 4-50, Figure 4-51 and Figure 4-52 show multiple aspects that the GFRP RC
beams experienced during the first impact strike. It is clear that the first initial
contact demonstrated by a high magnitude short duration pulse at the beginning of
the impact force (≈ 180-200 kN) and inertial force time histories. It is evident that at
this point in time, the inertia force was approximately equal to the impact force, as
the dynamic support reactions were not being active (delay of approximately 100 ms
between 𝑡 = 0 𝑠 and 𝑡 = 0.01 𝑠 before impact force was transmitted to the dynamic
support reactions) during the initial contact due to the GFRP RC beam’s inertia. At
the initial point of contact between the GFRP RC beams and drop hammer (𝑡 = 0 𝑠),
resistance was controlled by inertia forces. Initially, approximately 100% of the
resistance was controlled by the inertia forces. There is a slight data signal of
reaction force in the initial stage when the impact force increased to the peak,
indicating the activation of reaction force. However, at 𝑡 = 0.01 𝑠, there is a change
in the resistance. For around 𝑡 > 0.015 𝑠, resistance was controlled by the GFRP RC
beams flexural resisting, with resistance by inertial forces approximately nil (as
illustrated by the red graph along the x-axis). An average of 90% impact force was
transferred to the supports and 10% resisted by inertia for all GFRP RC beams.
Therefore, the dynamic bending resistance of the GFRP RC beams was
approximated at the time when the impact force equalled the total reaction force. The
dynamic GFRP RC beams bending resistance ranged from 20-40 kN as reported in
Table 4-14.
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200
Inertial Resistance
150

Force (kN)

100
Dynamic bending resistance ≈ 20 kN
Impact Force

50

Total Reaction Force
0

Inertia Force
0

0.01

0.02

-50
Impact force transmitted
-100 to dynamic support reactions

0.03
𝑡 > 0.015 𝑠, Inertia forces becomes
≈ 0 from this time on

Time (sec)
Figure 4-50 Break Down of Resisting Forces for GFRP RC Beam 40I-#2S-0.5-I
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200

Total Reaction Force
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Inertial Force

100

Dynamic Bending Resistance ≈ 22 kN
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0
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Figure 4-51 Breakdown of Resisting Forces for GFRP RC Beam 80I-#2S-0.5-I

250
Inertial Resistance
Impact Force

200

Total Reaction Force
Inertial Force

Force (kN)

150

Dynamic Bending Resistance ≈ 40 kN

100
50
0
0
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-50
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Impact force transmitted

𝑡 > 0.015 𝑠, Inertia forces becomes ≈ 0

to dynamic support reactions

from this time on

Time (s)

Figure 4-52 Breakdown of Resisting Forces for GFRP RC Beam 80I-#4HM-2.0-I
Table 4-14 Dynamic Bending Resistance of GFRP RC Beams
GFRP RC Beam

Dynamic Bending
Resistance (kN)

40I-#2S-0.5-I

20

40I-#3HM-1.0-I

34

40I-#4HM-2.0-I

36

80I-#2S-0.5-I

22

80I-#3HM-1.0-I

36

80I-#4HM-2.0-I

40

4.3.2.4 Dynamic Strain Behaviour in GFRP Reinforcement Bars
The dynamic strain-time history for the GFRP RC beams is shown in Figure 4-53.
Due to malfunctions with the operating equipment, no data was recorded for the
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strain in the GFRP tensile reinforcement for GFRP RC beam 40 I-#2S-0.5-I and thus
the strain under impact wasn’t measured. The general pattern for dynamic strain-time
history (Figure 4-53) showed an initial linear response as a result of the GFRP RC
beam being in the elastic range before a sudden small drop in dynamic strain, caused
by the formation of cracks, as shown in Figure 4-54. After the initial drop in strain,
the dynamic strain continued to increase, however at a lower strain rate before
cracking to the maximum dynamic strain. Note, the dynamic strain-time history
pattern for GFRP RC beam 40I-#4HM-2.0-I was not well-defined, as the data is
recorded for drop 2.

For GFRP RC beam 80I-#2S-0.5-I, strain rate was linear after the first drop in strain
(at 0.5% strain) up until failure of the GFRP reinforcement bars; average maximum
dynamic strain was measured as 1.24% at failure, lower than expected. This could be
a result of the impact behaviour causing the GFRP reinforcement bar to rupture
under high impact loading compared to monotonically increasing loads, due to brittle
nature of the composite material. The average maximum dynamic strain occurred at
the GFRP RC beams dynamic bending resistance of 22 kN.

Average maximum dynamic strain for the over-reinforced GFRP RC beams ranged
between 0.68-0.95%, significantly lower than the rupture strain obtained from
preliminary material testing. After the average maximum dynamic strain was
reached, the GFRP reinforcement bars returned to their original length (roughly 0%
strain) since the beams rebounded and the rupture strain was not attained. A
summary of the average maximum dynamic strain is reported in Table 4-15.
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Dynamic Strain

1.50%
Beam 40I-#3HM-1.0-I
Beam 40I-#4HM-2.0-I
Beam 80I-#2S-0.5-I
Beam 80-#3HM-1.0-I
Beam 80I-#4HM-2.0-I

1.00%

0.50%

0.00%
0

0.01

0.02
0.03
Time (s)

0.04

0.05

Figure 4-53 Average Maximum Dynamic Strain-Time Histories of GFRP
Reinforcement Bars

Dynamic Strain

0.50%

0.25%
Beam 40I-#3HM-1.0-I
Beam 40I-#4HM-2.0-I
Beam 80I-#2S-0.5-I
Beam 80-#3HM-1.0-I
Beam 80I-#4HM-2.0-I

(1)
0.00%
0

0.002

0.004 0.006
Time (s)

0.008

0.01

Figure 4-54 Dynamic Strain-Time Histories of GFRP Reinforcement Bars Prior to
Cracking

(Note: In Figure 4-54, 1. Box represents the first linear section of dynamic-strain
time histories of GFRP reinforcement bars)
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Table 4-15 Average Dynamic Strain Results of GFRP Reinforcement Bars
Average Maximum
GFRP RC Beam

Dynamic Strain, 𝜺𝒇𝒓𝒑,𝒂𝒗𝒈
(%)

40I-#2S-0.5-I

*

40I-#3HM-1.0-I

0.95

40I-#4HM-2.0-I

0.78

80I-#2S-0.5-I

1.24

80I-#3HM-1.0-I

0.95

80I-#4HM-2.0-I

0.68

* Data not captured
4.4

Results of Series II

The experimental results for series II GFRP RC beams under static loading and
impact loading are discussed in Section 4.4.1 and Section 4.4.2, respectively. Results
for static testing are analysed in terms of failure mode, general behaviour, loaddeflection response, crack pattern, energy absorption capacity and load-strain
behaviour in the concrete and GFRP reinforcement bars. Results for impact testing
are analysed in terms of failure mode, general behaviour, dynamic mid-span
deflection, dynamic force response and dynamic strain behaviour in the GFRP
reinforcement bars.
4.4.1

GFRP RC Beams under Static Loading

4.4.1.1 Failure Mode and General Behaviour
Series II GFRP RC beams under static loading were designed to have two distinct
failure modes: GFRP reinforcement rupture (GFRP RC beams 80II-#2S-0.5-S and
120II-#2S-0.5-S) and concrete crushing (GFRP RC beams 80II-#3HM-1.0-S, 80II#4HM-2.0-S, 120II-#3HM-1.0-S and 120II-#4HM-2.0-S). The failure mode for the
six GFRP RC beams is reported in Table 4-16. The over-reinforced GFRP RC beams
displayed three distinct peaks in load up until total failure (peak 1, 2 and 3), which is
discussed below in further detail. Whereas the under-reinforced GFRP RC beams
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failed once the GFRP reinforcement bars ruptured (peak 1). The GFRP RC beams
are broken down in terms of their general behaviour in terms of cracking and failure
mode: GFRP reinforcement rupture and concrete crushing.

Table 4-16 Experimental Failure Modes of GFRP RC Beams
GFRP RC Beam
80II-#2S-0.5-S

Experimental Failure Mode
At Peak 1
At Peak 2
GFRP Rupture
N/A

80II-#3HM-1.0-S

Crushing of
Concrete Cover

Additional Crushing
of Concrete Cover

80II-#4HM-2.0-S

Crushing of
Concrete Cover

Additional Crushing
of Concrete Cover

120II-#2S-0.5-S

GFRP Rupture

N/A

120II-#3HM-1.0-S

Crushing of
Concrete Cover

Additional Crushing
of Concrete Cover

120II-#4HM-2.0-S

Crushing of
Concrete Cover

Additional Crushing
of Concrete Cover

At Peak 3
N/A
Splitting and
Rupture of GFRP
Fibres
Splitting and
Rupture of GFRP
Fibres
N/A
Splitting and
Rupture of GFRP
Fibres
Splitting and
Rupture of GFRP
Fibres

The two under-reinforced GFRP RC beams were initially experimentally tested
under three point bending in series II and showed very similar crack patterns and
identical failure modes (GFRP RC beams 80II-#2S-0.5-S and 120II-#2S-0.5-S).
During testing, the two under-reinforced GFRP RC beams were observed visually
before the first signs of cracking around the mid-span were evident, and shown to
propagate vertically, as shown in Figure 4-55. These flexural cracks began forming
at a load of 3 kN.
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(1)

Figure 4-55 Formation of Initial Flexural Cracks (GFRP RC Beam 120II-#2S-0.5-S)
(Note: In Figure 4-55, 1. Vertical cracks)

After the formation of flexural cracks around the mid-span, new vertical cracks
began propagating closer towards the supports as the load increased as shown in
Figure 4-56. During the formation of these new cracks, already formed cracks around
the mid-span continued to propagate throughout the height of the GFRP RC beams,
close to the compressive zone. Also, these already formed cracks slightly began to
widen, right underneath the loading point. At the point of failure, the GFRP
reinforcement bars ruptured at the region of maximum bending moment. This caused
the flexural cracks around the mid-span to widen significantly, causing concrete
cover to spall off in tension as shown in Figure 4-57. No prior of warning of collapse
was evident, with failure occurring in a sudden, brittle manner (identical to that of
GFRP RC beam 80I-#2S-0.5-S in series I). Also, concrete on the top surface
remained undamaged at the time of failure. A close-up view of the GFRP
reinforcement rupture is shown in Figure 4-58. Finally, crack patterns and failure
mode for the two under-reinforced GFRP RC beams are shown in Figure 4-59
(GFRP RC beam 80II-#2S-0.5-S) and Figure 4-60 (GFRP RC beam 120II-#2S-0.5-S).
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(1)

Figure 4-56 Formation of Flexural Cracks Closer to Supports (GFRP RC Beam 80II#2S-0.5-S)

(Note: In Figure 4-56, Formation of flexural cracks closer to the supports)

(1)

Figure 4-57 Widening of Cracks and Cover Spall caused by GFRP Rupture (GFRP
RC Beam 80II-#2S-0.5-S)
(Note: In Figure 4-57, 1. Widening of existing cracks and spalling of cover caused by
GFRP reinforcement rupture)
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(1)
Figure 4-58 Close-Up of Widening of Cracking and GFRP Reinforcement Rupture
(GFRP RC Beam 80II-#2S-0.5-S)
(Note: In Figure 4-58, 1. GFRP reinforcement rupture)

Avg Spacing = 50 mm

GFRP Rupture

Figure 4-59 Schematic of Cracking Pattern of GFRP RC Beam 80II-#2S-0.5-S

Avg Spacing = 50 mm

GFRP Rupture

Figure 4-60 Schematic of Cracking Pattern of GFRP RC Beam 120II-#2S-0.5-S
The over-reinforced GFRP RC beams all displayed similar behaviour up until failure
and thus are combined in terms of failure mode and crack pattern. Similar to that of
the under-reinforced GFRP RC beams, vertical flexural cracks initially formed (at a
cracking load ranging from 3 kN to 4 kN) around the mid-span region and continued
to branch out closer towards the support regions. The average spacing of the major
flexural cracks formed was measured as approximately 50 mm. As the load
increased, the formation of flexure-shear cracks were evident closer towards the
supports, since the GFRP RC beams experinced a combination of bending and shear
forces under three point bending conditions as shown in Figure 4-62. During the
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formation of the flexure-shear cracks, concrete crushing of the cover on the top
surface was noticed and observed to crush initally on one side of the loading point
(Figure 4-62). At this loading stage, a drop in load carrying capcity was evident
(peak 1). The load at peak 1 for the over-reinforced GFRP RC beams ranged from 33
kN to 52.2 kN.

(1)
(2)

Figure 4-61 Formation of Vertical Flexural Cracks under Static Loading (GFRP RC
Beam 80II-#4HM-2.0-S)
(Note: In Figure 4-61, 1. Initial flexural cracks, 2. Flexural cracks closer towards the
supports)

(2)
(1)
(3)

Figure 4-62 Concrete Crushing of Cover and Formation of Flexure-Shear Cracks,
Peak 1 (GFRP RC Beam 120II-#3HM-1.0-S)
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(Note: In Figure 4-62, 1. Concrete crushing of cover, 2. No concrete crushing of
cover and 3. Flexural-shear cracks)

At higher loading stages, after the initial stages of concrete crushing occurred (peak
1), the GFRP RC beams were shown to be able to sustain and carry additional load.
During this time, the rate of formation of cracks significantly decreased, with the
majority of already formed flexure and flexure-shear cracks continully to slowly
progate either at an inclination or vertically. The next noticable change in the GFRP
RC beams behaviour was additional concrete crushing of cover occuring on the other
side of the loading point (peak 2) as shown in Figure 4-63. This resulted in another
major drop in load carrying capacity and thus at peak 2, load ranged from 44.6 kN to
63.1 kN.

After the additional crushing of the concrete cover, the GFRP RC beams still showed
signs of reserve capacity or “ducitlity”, with another increase in load until total
failure (peak 3). From peak 2 to peak 3, signs the tenisle GFRP reinforcement bars
were reaching their rupture strain were evident by the formation of cracks along the
tensile region around the mid-span. At peak 3, the GFRP RC beams failed due to the
rupture and splitting of fibres in the GFRP reinforcement bars as shown in Figure
4-64, resulting in the beams not having the capacity to sustain any more load. The
rupture of the GFRP reinforcement bars caused the tensile concrete cover to spall off,
resulting in widening of existing cracks as shown in Figure 4-65. At total failure, no
critical shear cracking was evident due to the increase in shear reinforcment from
series I (𝜌𝑠 = 0.25% to 0.50%). Thus the over-reinforced GFRP RC beams
displayed the two types of failure mode for FRP RC beams, initially concrete
crushing of cover, before rupture of the GFRP reinforcement bars. Schematic
diagram of the cracking patterns of the over-reinforced GFRP RC beams at failure
are shown from Figure 4-66 to Figure 4-69.
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(1)

Figure 4-63 Further Concrete Crushing of Cover, Peak 2 (GFRP RC Beam 80II#3HM-1.0-S)

(Note: In Figure 4-63, 1. Additional concrete crushing of cover)

(1)

Figure 4-64 Splitting and Rupture of GFRP Reinforcement Fibres, Peak 3 (GFRP RC
Beam 80II-#4HM-2.0-S)
(Note: In Figure 4-64, 1. Splitting of GFRP reinforcement fibres)
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(1)

Figure 4-65 Rupture of Tensile Cover and Widening of Existing Cracks, Peak 3
(GFRP RC Beam 80II-#3HM-1.0-S)
(Note: In Figure 4-65, 1.Widening of existing cracks and rupture of tensile cover)

Concrete Crushing of Cover

Avg Spacing = 50 mm

Rupture of Concrete Cover

Splitting and Rupture of GFRP Fibres

Figure 4-66 Schematic of Cracking Pattern of GFRP RC Beam 80II-#3HM-1.0-S

Concrete Crushing of Cover

Avg Spacing = 50 mm

Rupture of Concrete Cover

Splitting and Rupture of GFRP Fibres

Figure 4-67 Schematic of Cracking Pattern of GFRP RC Beam 80II-#4HM-2.0-S
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Concrete Crushing of Cover

Avg Spacing = 50 mm

Splitting and Rupture of GFRP Fibres
Figure 4-68 Schematic of Cracking Pattern of GFRP RC Beam 120II-#3HM-1.0-S

Concrete Crushing of Cover

Avg Spacing = 50 mm

Splitting and Rupture of GFRP Fibres

Rupture of Concrete Cover

Figure 4-69 Schematic of Cracking Pattern of GFRP RC Beam 120II-#4HM-2.0-S

4.4.1.2 Load-Deflection Behaviour
The experimental load-deflection graphs for the GFRP RC beams under static
loading are shown in Figure 4-70. Similar to series I, the GFRP RC beams displayed
a bi-linear relationship (pre- and post-cracking behaviour) up until total failure.
Figure 4-72 shows the sequence of the behaviour (1 to 6) for a typical overreinforced GFRP RC beam (GFRP RC beam 120II-#4HM-2.0-S) up until total failure
with each stage shown in Figure 4-73. For the two under-reinforced GFRP RC
beams, as previously stated in series I, these GFRP RC beams failed at peak 1, due to
the rupture of the GFRP reinforcement bars, with each stage also shown in Figure
4-74 for 80II-#2S-0.5-S. A summary of the load-deflection values at cracking and at
peaks 1 to 3 are reported in Table 4-17 and Table 4-18, respectively.

Pre-cracking bending stiffness was shown to be significantly high, with values
ranging from 450 kNm2 to 563.3 kNm2 as shown in Figure 4-71. Post-cracking
bending stiffness varied from 25.3 kNm2 to 135 kNm2. Note pre- and post-cracking
bending stiffness were calculated using the empirical formula for deflection for three
point bending, ∆= 𝑃𝐿3 ⁄48𝐸𝑐 𝐼 and rearranging for bending stiffness,

𝐸𝑐 𝐼 =

𝑃𝐿3 /48∆ and 𝑃/∆ = 𝑚, where 𝑚 is the experimental gradient from the loaddeflection graph, for pre- and post-cracking. Also 𝑚 is significantly lower post218
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cracking as expected since the load-deflection is reduced considerably. A summary
of pre- and post-cracking bending stiffness’s are reported in Table 4-19.

80
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Load (kN)

50
40
30
80II-#2S-0.5-S
80II-#3HM-1.0-S

20

80II-#4HM-2.0-S
120II-#2S-0.5-S

10

120II-#3HM-1.0-S
120II-#4HM-2.0-S

0
0
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100
Deflection (mm)

150

Figure 4-70 Load-Deflection Behaviour of GFRP RC Beams under Static Loading
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Figure 4-71 Load-Deflection Behaviour of the Un-Cracked GFRP RC Beams
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Figure 4-72 Detailed Explanation of a Load-Deflection Graph for an OverReinforced GFRP RC Beam (GFRP RC Beam 120II-#4HM-2.0-S)
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(a) Number 1

(b) Number 2

(c) Number 3

221

Chapter 4: Experimental Results

(d) Number 4

(e) Number 5

(f) Number 6
Figure 4-73 Sequence of Behaviour of GFRP RC Beam 120II-#4HM-2.0-S
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(a) Number 1

(b) Number 2

(c) Number 3
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(d) Number 4
Figure 4-74 Sequence of Behaviour of GFRP RC Beam 80II-#2S-0.5-S
Table 4-17 Cracking Load and Cracking Deflection Results for GFRP RC Beams
Cracking

Cracking

Load (kN)

Deflection (mm)

80II-#2S-0.5-S

3.1

0.9

80II-#3HM-1.0-S

3.8

1.7

80II-#4HM-2.0-S

4.0

1.6

120II-#2S-0.5-S

3.3

1.2

120II-#3HM-1.0-S

3.5

1.5

120II-#4HM-2.0-S

3.0

1.5

GFRP RC Beam

Table 4-18 Load and Deflection Results for GFRP RC Beams under Static Loading
Peak 1
GFRP RC Beam

Peak 2

Peak 3

Load Deflection

Load

Deflection

Load

Deflection

(𝐤𝐍)

(𝐦𝐦)

(𝐤𝐍)

(𝐦𝐦)

(𝐤𝐍)

(𝐦𝐦)

80II-#2S-0.5-S

15.0

81.8

N/A

N/A

N/A

N/A

80II-#3HM-1.0-S

33.0

62.6

44.6

105.0

42.3

130.2

80II-#4HM-2.0-S

46.1

58.3

54.2

78.8

67.1

140.0

120II-#2S-0.5-S

16.2

77.5

N/A

N/A

N/A

N/A

120II-#3HM-1.0-S

41.8

73.3

46.7

102.9

46.6

124.1

120II-#4HM-2.0-S

52.2

64.3

63.1

95.9

70.3

137.8
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Table 4-19 Pre-and Post-Cracking Bending Stiffness’s of GFRP RC Beams
Pre-Cracking Bending

Post-Cracking Bending

Stiffness(𝐤𝐍𝐦𝟐 )

Stiffness (𝐤𝐍𝐦𝟐 )

80II-#2S-0.5-S

537.4

25.3

80II-#3HM-1.0-S

550.0

83.7

80II-#4HM-2.0-S

516.7

135.0

120II-#2S-0.5-S

516.7

28.3

120II-#3HM-1.0-S

450.0

91.7

120II-#4HM-2.0-S

563.3

134.9

GFRP RC Beam

4.4.1.3 Energy Absorption Capacity
The energy absorption capacities up until peak 1 and reserve capacity for the overreinforced GFRP RC beams are reported in Table 4-20 and shown in Figure 4-75.
Reserve capacity (“ductility”) ranged from 2335 J to 4540 J, with total energy
absorption capacities varying between 714-6377 J.

Table 4-20 Energy Absorption Capacity of GFRP RC Beams under Static Loading
Energy Absorption

Reserve

Total Energy

up to Peak 1 (𝑬𝒂𝒃𝒔 ) (𝐉)

Capacity (𝐉)

Absorption (𝐉)

80II-#2S-0.5-S

742

0

742

80II-#3HM-1.0-S

1220

2689

3909

80II-#4HM-2.0-S

1510

4540

6050

120II-#2S-0.5-S

714

0

714

120II-#3HM-1.0-S

1722

2335

4057

120II-#4HM-2.0-S

1883

4494

6377

GFRP RC Beam
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120II-#4HM-2.0-S

120II-#3HM-1.0-S
120II-#2S-0.5-S

80II-#4HM-2.0-S

80II-#3HM-1.0-S
Energy Absorption Capacity
(Eabs)
Reserve Capacity

80II-#2S-0.5-S
0

2000
4000
6000
Energy Absorption (J)
Figure 4-75 Energy Absorption Capacity of GFRP RC Beams

The two main GFRP RC beams from static testing in series II in relation to impact
testing are GFRP RC beams 120II-#3HM-1.0-S and 120II-#4HM-2.0-S. These two
GFRP RC beams were constructed again for impact testing, with three identical
specimens for a reinforcement ratio of 1% and 2% and design characteristic concrete
strength of 120 MPa. The GFRP RC beams were at 50%, 75% and 100% impact
energy from static testing as reported in Table 4-21. For GFRP RC Beam 120II#3HM-1.0-S, Figure 4-76 shows the stages where these three energy absorption
capacities occurred under static loading and for GFRP RC Beam 120II-#4HM-2.0-S,
see Figure 4-77. At 50% energy absorption capacity, both these two GFRP RC
beams displayed the first signs of concrete crushing of the cover, with a combination
of flexure and flexure shear cracks. However at 75% energy absorption capacity for
GFRP RC Beam 120II-#3HM-1.0-S, additional concrete crushing of the cover was
just observed, compared to GFRP RC Beam 120II-#4HM-4.0-S, which experienced
peak 2 and a slight amount of additional load post peak 2. At 100%, both GFRP RC
beams failed by splitting and rupture of the GFRP reinforcement fibres as previously
discussed. Figure 4-78 shows the two GFRP RC beams under static loading at the
226

Chapter 4: Experimental Results

three different energy absorption capacities, highlighting the differences in behaviour
as the load increased until total failure.

Table 4-21 Energy Absorption Capacity at 50,75 and 100% Energy Absorption
Capacities for GFRP RC Beams 120II-#3HM-1.0-S and 120II-#4HM-2.0-S
𝑬𝒂𝒃𝒔 (𝐉)
GFRP RC Beam

50% Energy

75% Energy

Total (100%) Energy

Absorption (𝐉)

Absorption (𝐉)

Absorption (𝐉)

120II-#3HM-1.0-S

2029

3043

4057

120II-#4HM-2.0-S

3189

4783

6377

50
45
40

Load (kN)

35
30

25
20

50%

75%

100%

𝑬𝒂𝒃𝒔 (𝐉)

𝑬𝒂𝒃𝒔 (𝐉)

𝑬𝒂𝒃𝒔 (𝐉)

15
10
5
0
0

10

20

30

40

50

60 70 80 90 100 110 120 130 140
Deflection (mm)

Figure 4-76 Energy Absorption Capacities at 50%, 75% and 100% for GFRP RC
Beam 120II-#3HM-1.0-S
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Figure 4-77 Energy Absorption Capacities at 50%, 75% and 100% for GFRP RC
Beam 120II-#4HM-2.0-S

GFRP RC Beam 120II-#3HM-1.0-S

GFRP RC Beam 120II-#4HM-2.0-S

(a) 50% Energy Absorption
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(b) 75% Energy Absorption

(c) 100% Energy Absorption
Figure 4-78 Behaviour of GFRP RC beams at Different Energy Absorption Capacities

4.4.1.4 Load-Strain Behaviour in Concrete and GFRP Reinforcement Bars
The load-strain behaviour in the GFRP reinforcement bars and concrete is shown in
Figure 4-79. Similar to that of series I, a bi-linear relationship was identified in the
GFRP reinforcement bars and concrete where the average strain was shown to
rapidly increase after concrete cracking as shown in Figure 4-80. A sudden drop in
strain was noticed at the point of cracking, before the strain began to increase rapidly
compared to pre-cracking.

Post-cracking average strain in the GFRP reinforcement was shown to rapidly
increase based on the type of reinforcement. For the under-reinforced GFRP RC
beams, average strain in the #2S GFRP reinforcement bars rapidly increased
compared to the over-reinforced GFRP RC beams with #3HM and #4HM GFRP
bars. Also, concrete strength was shown to not significantly affect average GFRP
reinforcement strain rate post-cracking. The average strain in the GFRP
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reinforcement bars at peak 1 could not be determined for any of the six GFRP RC
beams caused by damage to the strain gauges similar to that found in series I. The
formation of cracks during testing could have caused the strain gauges to stop
working prior to the GFRP RC beams reaching peak 1. Thus linear regression
analysis was done to obtain average strain in the GFRP reinforcement bars at peak 1.

As reported in Table 4-22, average strain in the GFRP reinforcement bars at peak 1
was shown to vary between 1.3-3.5%. For the four over-reinforced GFRP RC beams,
average strain in GFRP reinforcement at the time of peak 1 (when concrete cover
initially crushed) was lower than the rupture strain from preliminary material testing,
indicating a concrete crushing failure. However, average GFRP reinforcement strain
at the point of GFRP rupture was calculated as 2.8% and 3.5% for GFRP RC beams
80II-#2S-0.5-S and 120II-#2S-0.5-S, respectively. This is much higher than the
rupture strain of 1.96% obtained from preliminary material testing.

In terms of concrete strain, strain gauges were attached to the side surfaces on the
GFRP RC beams, underneath the load cell. As shown in Figure 4-80, average
concrete strain was shown to be predominately linear for the over-reinforced GFRP
RC beams, with the two under-reinforced GFRP RC beams showing signs of a drop
in concrete strain at the point of cracking. However, post-cracking, average concrete
strain increased quicker compared to that of pre-cracking, but not such a drastic
change compared to the strain in the GFRP reinforcement bars. Using linear
regression analysis up to peak 1 (concrete crushing of cover), average concrete strain
was shown to vary between 0.003 and 0.004 for the four over-reinforced GFRP RC
beams. This is quite consistent with the assumed maximum compressive strain
values of 0.003 and 0.0035 according to ACI (2015) and CSA (2012). For the underreinforced GFRP RC beams, average concrete strain at failure was shown to be lower
than both 0.003 and 0.0035. For GFRP RC beam 80II-#2S-0.5-S, 𝜀𝑐.𝑎𝑣𝑔 = 0.002 and
for GFRP RC beam 120II-#2S-0.5-S, 𝜀𝑐.𝑎𝑣𝑔 = 0.0017, indicating a GFRP rupture
failure since the assumed maximum compressive strain was not attained. Linear
regression analysis was not required for determining average concrete strain for the
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two under-reinforced GFRP RC beams. A summary of the average strain in the
GFRP reinforcement bars and concrete at peak 1 is reported in Table 4-22.
60
80II-#2S-0.5-S
80II-#3HM-1.0-S
80II-#4HM-2.0-S
120II-#2S-0.5-S
120II-#3HM-1.0-S
120II-#4HM-2.0-S
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Concrete
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0
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Figure 4-79 Load-Strain Behaviour of GFRP RC Beams under Static Loading
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Figure 4-80 GFRP Reinforcement and Concrete Strain Pre-Cracking

Table 4-22 Concrete and GFRP Strain Readings under Static Loading
Average Strain at Peak 1
GFRP RC Beam

𝜺𝒇𝒓𝒑.𝒂𝒗𝒈
(%)

𝜺𝒄.𝒂𝒗𝒈

80II-#2S-0.5-S

2.8*

0.002

80II-#3HM-1.0-S

1.6*

0.003*

80II-#4HM-2.0-S

1.3*

0.0035*

120II-#2S-0.5-S

3.5*

0.0017

120II-#3HM-1.0-S

1.9*

0.004*

120II-#4HM-2.0-S

1.6*

0.004*

* Data was extrapolated using linear regression analysis to calculate strain at Peak 1
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4.4.2

GFRP RC Beams under Impact Loading

4.4.2.1 Failure Mode and General Behaviour
As previously mentioned, three GFRP RC beams with two different reinforcement
ratios were manufactured similarly and subjected to various heights based on the
energy absorption capacity from static testing. For GFRP RC beam 120II-#3HM-1.0S, energy absorption capacity was calculated as 2029 J, 3043 J and 4057 J, at 50%,
75% and 100% energy absorption capacity, respectively. In this order, this provided
three impact heights, calculated as 355 mm, 533 mm and 710 mm. For GFRP RC
beam 120II-#4HM-2.0-S, energy absorption capacity was calculated as 3189 J, 4783
J and 6377 J, at 50%, 75% and 100% energy absorption capacity, respectively and
again, in this order, impact heights, ℎ were calculated as 550 mm, 825 mm and 1100
mm. These impact heights were calculated by equating the energy absorption
capacity from static testing (at 50%, 75% and 100%) and equating to the potential
energy of the drop hammer, 𝑚𝑔ℎ, where 𝑚 is the mass of the drop hammer (580 kg
and 𝑔 is acceleration due to gravity (9.8 m/s).

The experimental failure modes for the GFRP RC beams under impact loading are
reported in Table 4-23. Overall, the experimental failure mode and general behaviour
including crack patterns was relatively similar for all six GFRP RC beams subjected
to various impact heights. The experimental failure mode, titled “dynamic punching
failure” was given, which can be defined as the GFRP RC beams being subjected to
a moving punch (from the drop hammer) in the mid-span, resulting in localised
concrete crushing on the top surface with the majority of damage (crack propagation)
occurring in the impact area. GFRP RC beam 120II-#4HM-2.0-I-0.550 was subjected
to two drops, each drop at a height of 550 mm, due to the minimal amount of damage
observed post drop 1. Results for GFRP RC beams are assessed based on general
behaviour, failure mode and crack pattern, in terms of reinforcement ratio, 𝜌𝑓 =
1.0% and 2.0%.

233

Chapter 4: Experimental Results

Table 4-23 Experimental Failure Mode of GFRP RC Beams under Impact Loading
GFRP RC Beam

Experimental Failure Mode

120II-#3HM-1.0-I-0.355

Dynamic punching failure

120II-#3HM-1.0-I-0.533

Dynamic punching failure

120II-#3HM-1.0-I-0.710

Dynamic punching failure

120II-#4HM-2.0-I-0.550

Dynamic punching failure

120II-#4HM-2.0-I-0.825

Dynamic punching failure

120II-#4HM-2.0-I-1.1

Dynamic punching failure

The three GFRP RC beams with 𝜌𝑓 = 1.0% were tested at the impact heights of 355
mm, 533 mm and 710 mm. Differences in behaviour including general behaviour
including failure and crack pattern were observed as the impact height increased. The
first GFRP RC beam tested under impact (GFRP RC beam 120II-#3HM-1.0-I-0.355),
was subjected to an impact height of 355 mm. The general behaviour of this GFRP
RC beam was showed to experience a dynamic punching failure response, with
minor concrete crushing of the cover on the top surface, to the side of the impact
point. During impact, cracks, predominately observed as a combination flexure,
flexure-shear and minor shear cracks propagated from the tensile region throughout
the height of the GFRP RC beam. Majority of these cracks were observed to be
localised around the impact zone, with a few flexure-shear cracks closer towards the
supports. Also, since this GFRP RC beam rebounded during impact, a very few
minor flexural cracks were observed from the compression zone, since the top
surface was in tension during rebound. No permanent deformation was observed
when subjected to an impact energy of 2029 J. Figure 4-81 shows GFRP RC beam
120II-#3HM-1.0-I-0.355 post impact, with a number system highlighting the various
types of cracks and concrete crushing.

(3)

(2)

(5)

(4)

(1)

Figure 4-81 Dynamic Punching Failure and Crack Propagation of GFRP RC beam
120II-#3HM-1.0-I-0.355
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(1) Flexural cracks
(2) Minor concrete crushing of cover
(3) Minor inclined shear crack
(4) Flexural-shear crack
(5) Vertical flexural cracks from compressive zone

The general behaviour of GFRP RC beam 120II-#3HM-1.0-I-0.533 showed signs of
further additional concrete crushing of the cover, with the exposure of the
compressive GFRP reinforcement bars. Crushing of cover was not symmetric under
impact, with localisation to one side of the impact point. Under an impact height of
533 mm, a small amount of rupture of the bottom concrete cover occurred, also
exposing the GFRP tensile reinforcement bars around the impact zone. This caused a
few cracks around the mid-span to significantly widen. Cracks were predominately
flexure cracks throughout the span of the GFRP RC beam, with the inclusion of a
few flexure-shear and minor inclined shear cracks present. This could be a result of
the higher shear reinforcement ratio (𝜌𝑠 = 0.5%) compared to 𝜌𝑠 = 0.25% to that of
series I. After the impact load was removed, the GFRP RC beam returned to its
original position, indicating an elastic response. See Figure 4-82 for GFRP RC beam
120II-#3HM-1.0-I-0.533 post impact including the different types of cracks present
and concrete crushing of the cover, (1) to (5).

(2)
(4)

(5)

(1)

(3)

Figure 4-82 Dynamic Punching Failure and Crack Propagation of GFRP RC beam
120II-#3HM-1.0-I-0.533






(1) Flexural cracks
(2) Concrete crushing of cover
(3) Minor inclined shear crack
(4) Flexural-shear crack
(5) Rupture of tensile concrete cover

GFRP RC beam 120II-#3HM-1.0-I-0.710 was subjected to the greatest height of
impact, 710 mm for the 1.0% reinforcement ratio beams. After impact, the overall
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behaviour was similar to that of GFRP RC beam 120II-#3HM-1.0-I-0.533 as reported
in; however a few differences were observed. Extreme localised concrete crushing of
the cover and rupture of the tensile concrete cover occurred, causing the concrete to
spall off. The spalling off of the concrete was shown to be more symmetrical under
the impact point, causing exposure of the compressive and tensile GFRP
reinforcement bars. Again, a predominant flexural crack pattern was observed around
the impact zone, with a very few signs of flexure-shear cracks and minor inclined
shear cracking. This GFRP RC beam showed the least number of cracks during
impact. By close inspection, small signs of splitting of fibres from GFRP tensile
reinforcement bars were noticed as shown in Figure 4-83. See Figure 4-84 for GFRP
RC beam 120II-#3HM-1.0-I-0.710, including numbering system, (1) to (5). A close
up view of the impact area of the three GFRP RC beams with 𝜌𝑓 = 1.0% is shown in
Figure 4-85 with a crack pattern diagram for GFRP RC beams 120II-#3HM-1.0-I0.355, 120II-#3HM-1.0-I-0.533, 120II-#3HM-1.0-I-0.710 shown in Figure 4-86,
Figure 4-87 and Figure 4-88, respectively.

Figure 4-83 Splitting of Tensile GFRP Reinforcement Fibres of GFRP RC Beam
120II-#3HM-1.0-I-0.710
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(1)

(3)

(2)
(5)

(4)

Figure 4-84 Dynamic Punching Failure and Crack Propagation of GFRP RC Beam
120II-#3HM-1.0-I-0.710






(1) Flexural cracks
(2) Concrete crushing of cover
(3) Minor inclined shear crack
(4) Flexural-shear crack
(5) Rupture of tensile concrete cover

(a) GFRP RC Beam 120II-#3HM-1.0-I-0.355

(b) GFRP RC Beam 120II-#3HM-1.0-I-0.533

(c) GFRP RC Beam 120II-#3HM-1.0-I-0.710
Figure 4-85 Dynamic Punching Failure and Cracking Pattern of GFRP RC Beams with
𝜌𝑓 = 1.0%
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Concrete Crushing of Cover

Figure 4-86 Schematic of Cracking Pattern of GFRP RC Beam 120II-#3HM-1.0-I-0.355

Concrete Crushing of Cover

Rupture of Tensile Concrete Cover
Figure 4-87 Schematic of Cracking Pattern of GFRP RC Beam 120II-#3HM-1.0-I-0.533

Concrete Crushing of Cover

Rupture of Tensile Concrete Cover
Figure 4-88 Schematic of Cracking Pattern of GFRP RC Beam 120II-#3HM-1.0-I0.710
The three GFRP RC beams with 𝜌𝑓 = 2.0% were experimentally tested under the
580 kg drop hammer at heights of 550 m, 825 mm and 1.1 m. GFRP RC beam 120II#4HM-2.0-I-0.550 was subjected to two impact strikes of the drop hammer. The first
strike of the drop hammer as shown in Figure 4-89 experienced a dynamic punching
failure, with minor concrete crushing in the impact zone and cracks along the span of
the GFRP RC beam. These cracks were shown to be predominately vertical with a
few flexure-shear cracks and a very minor inclined shear cracks present. After the
drop, the GFRP RC beam remained elastic after the removal of the drop hammer
mass. After being subjected to an additional impact energy of 3189 J (drop 2), as
shown in Figure 4-90, extensive damage was observed around the impact zone. A
significant amount of additional concrete crushing was observed on the top surface,
with rupture of the tensile concrete cover occurring, again, exposing the tensile
GFRP reinforcement bars and causing cracks around the impact area to open up. The
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second drop caused permanent deformation of the GFRP RC beam. However the
majority of the cracks formed after drop 1, with a few additional cracks observed
after drop 2, see red lines. After drop 2, a combination of flexure cracks and flexureshear cracks were observed throughout the span of the GFRP RC beam with the
addition of very small shear cracks. A number sequence can be seen below Figure
4-90 for GFRP RC beam 120II-#4HM-2.0-I-0.550 post peak 2.

Figure 4-89 Dynamic Punching Failure and Crack Propagation of GFRP RC Beam
120II-#4HM-2.0-I-0.550 (Drop 1)

(2)

(3)

(4)

(1)

(5)
Figure 4-90 Dynamic Punching Failure and Crack Propagation of GFRP RC Beam
120II-#4HM-2.0-I-0.550 (Drop 2)
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(1) Flexural cracks
(2) Concrete crushing of cover
(3) Minor inclined shear crack
(4) Flexural-shear crack
(5) Rupture of tensile concrete cover

GFRP RC Beam 120II-#4HM-2.0-I-0.825 was subjected to an impact energy of 4783
J, producing an impact height of 825 mm. At this height, the GFRP RC beam again
displayed a dynamic punching failure around the impact zone as shown in Figure
4-91. During impact, it was clear from the high speed camera that the general
behaviour occurred in the following sequence, formation and propagation of cracks
around the impact area and closer towards supports, before concrete crushing on the
top surface occurred, with finally rupture of the tensile concrete cover. A large
amount of tensile concrete cover was spalled off during impact, causing cracks to
widen around the mid-span. A few more signs of inclined shear cracking were
present, especially closer towards the support regions. But the majority of cracks
shown were predominately flexure-shear with the inclusion of flexural cracks.
Finally, the impact energy caused permanent deformation to the GFRP RC beam.

(3)

(1)

(2)
(4)
(5)

Figure 4-91 Dynamic Punching Failure and Crack Propagation of GFRP RC Beam
120II-#4HM-2.0-I-0.825






(1) Minor flexural cracks
(2) Concrete crushing of cover
(3) Inclined shear cracks
(4) Flexural-shear crack
(5) Rupture of tensile concrete cover

Finally, GFRP RC beam 120II-#4HM-2.0-I-1.1 was subjected to an impact height of
1.1 m. From the general behaviour of the GFRP RC beam, it was similar to that of
GFRP RC Beam 120II-#4HM-2.0-I-0.825 but additional permanent deformation was
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noticed post impact. In terms of impact zone damage, a dynamic punching failure
again was shown to be the experimental failure mode, with concrete crushing on the
top surface localised to one side of the impact point as shown in Figure 4-92.
Rupture of the tensile concrete also only occurred to the same side of the impact
point where concrete crushing occurred. Also, by close inspection, the impact caused
the sand-coat to de-bond from the core of the GFRP tensile reinforcement bars
around the mid-span. In terms of cracking, very few cracks were formed compared to
the other two GFRP RC beams with 𝜌𝑓 = 2.0%. Cracks were relatively spaced
evenly along the span of the GFRP RC beam. Minimal cracking along the span of the
beam was noticed, with a combination of flexure and flexure-shear cracks with a
combination of flexure, flexure-shear and minor inclined shear cracks. Furthermore,
no signs of rupture or splitting of fibres were detected. A close up view of the impact
area of the three GFRP RC beams with 𝜌𝑓 = 2.0% is shown in Figure 4-93 with a
crack pattern diagram for GFRP RC beams 120II-#4HM-2.0-I-0.550, 120II-#4HM2.0-I-0.825, 120II-#4HM-2.0-I-1.1 shown in Figure 4-94, Figure 4-95 and Figure
4-96, respectively.

(1)

(2)

(4)

(3)

(5)
Figure 4-92 Dynamic Punching Failure and Crack Propagation of GFRP RC Beam
120II-#4HM-2.0-I-1.1






(1) Minor flexural cracks
(2) Concrete crushing of cover
(3) Inclined shear cracks
(4) Flexural-shear crack
(5) Rupture of tensile concrete cover
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(a) GFRP RC Beam 120II-#4HM-2.0-I-0.550 (Drop 1)

(b) GFRP RC Beam 120II-#4HM-2.0-I-0.550 (Drop 2)

(c) GFRP RC Beam 120II-#4HM-2.0-I-0.825

(d) GFRP RC Beam 120II-#4HM-2.0-I-1.1
Figure 4-93 Dynamic Punching Failure and Cracking Pattern of GFRP RC Beams
with 𝜌𝑓 = 2.0%
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Concrete Crushing of Cover

Rupture of Tensile Concrete Cover
Figure 4-94 Schematic of Cracking Pattern of GFRP RC Beam 120II-#4HM-2.0-I0.550 (Drop 2)

Concrete Crushing of Cover

Rupture of Tensile Concrete Cover
Figure 4-95 Schematic of Cracking Pattern of GFRP RC Beam 120II-#4HM-2.0-I0.825

Concrete Crushing of Cover

Rupture of Tensile Concrete Cover
Figure 4-96 Schematic of Cracking Pattern of GFRP RC Beam 120II-#4HM-2.0-I-1.1

4.4.2.2 Dynamic Mid-Span Deflection Response
Dynamic mid-span deflection time history responses for the GFRP RC beams with
𝜌𝑓 = 1.0% and 𝜌𝑓 = 2.0% are shown in Figure 4-97 and Figure 4-98, respectively.
These graphs were determined using image processing techniques from the high
speed camera. The graphs illustrated below were modified to initiate the first contact
point between the drop hammer and the GFRP RC beams, that is at the coordinates
of (0,0). For GFRP RC beam 120-#3HM-1.0-I-0.710, a black marker dot was used to
track mid-span deflections frame by frame as shown in Figure 4-99. However, during
impact, concrete crushing of the cover caused the black marker to disappear after a
period of time as shown in Figure 4-100. Thus, maximum dynamic mid-span
deflection (∆𝑒𝑥𝑝 ) was difficult to capture and this is shown by the irregular
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deflection-time history response in Figure 4-97. An approximation was done by
assuming a consistent curve as shown in purple and thus a maximum dynamic midspan deflection of about 170 mm was determined. The remaining GFRP RC beams
had a white dot marker painted on, which increased the visibility and therefore
increased the accuracy for calculating maximum dynamic mid-span deflection as
shown in Figure 4-101.

For the remaining five GFRP RC beams, dynamic maximum mid-span deflections
were calculated with high precision as per the data obtained from the dynamic midspan deflection-time history responses. A parabolic curve was attained, with the first
portion of the graph (positive dynamic mid-span deflection rate) representing the
contact between the drop hammer and GFRP RC beam up until maximum dynamicmid-span deflection. Post dynamic mid-span deflection, the GFRP RC beams began
to rebound and move in the opposite direction (negative dynamic mid-span
deflection rate) since the impact energy wasn’t sufficient to cause total failure. Note,
GFRP RC beam 120II-#4HM-2.0-I-1.1 did not rebound as the impact energy caused
total deformation and collapse. The graphs were altered to finish just after maximum
dynamic mid-span deflection. For the other two GFRP RC beams with 𝜌𝑓 = 1.0%,
maximum dynamic mid-span deflections were calculated as 93.4 mm and 75 mm for
GFRP RC beams 120II-#3HM-1.0-I-0.533 and 120II-#3HM-1.0-I-0.355, respectively.
For the GFRP RC beams with 𝜌𝑓 = 2.0%, dynamic mid-span deflection ranged from
70.5 mm to 249.5 mm as impact energy increased, see Table 4-24 for a summary of
maximum dynamic mid-span deflection results for the GFRP RC beams. Table 4-24
reports the amount of time it took for the GFRP RC beam to reach dynamic
maximum mid-span deflection (𝒕𝟎→∆𝒆𝒙𝒑 ). However, this data for GFRP RC beam
120-#3HM-1.0-I-0.710 was not analysed since it is difficult to pinpoint the exact
moment maximum displacement occurred. From the results, increasing impact
energy (increasing impact height) caused higher maximum dynamic mid-span
deflections, which in turn increased the time from initial contact to maximum
displacement.
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Figure 4-97 Dynamic Mid-Span Deflection-Time History for 𝜌𝑓 = 1.0%
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Figure 4-98 Dynamic Mid-Span Deflection-Time History for 𝜌𝑓 = 2.0%
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Figure 4-99 GFRP RC Beam 120-#3HM-1.0-I-0.710 prior to Impact Loading

Figure 4-100 Disappearance of Black Marker Dot by Concrete Crushing during
Impact for GFRP RC Beam 120-#3HM-1.0-I-0.710

(1)

Figure 4-101 White Marker Painted for Calculating Dynamic Maximum Mid-Span
Deflection

(Note: In Figure 4-101, 1. White marker)
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Table 4-24 Dynamic Mid-Span Deflection Results
∆𝒆𝒙𝒑

𝒕𝟎→∆𝒆𝒙𝒑

(𝐦𝐦)

(s)

120II-#3HM-1.0-I-0.355

75.0

0.052

120II-#3HM-1.0-I-0.533

93.4

0.064

120II-#3HM-1.0-I-0.710

≈ 170

*

120II-#4HM-2.0-I-0.550

70.5

0.04

120II-#4HM-2.0-I-0.825

129.5

0.097

120II-#4HM-2.0-I-1.1

249.5

0.144

GFRP RC Beam

* Data not analysed
4.4.2.3 Dynamic Force-Time History Response
The dynamic force-time histories for the GFRP RC beams are shown in Figure 4-102
and Figure 4-103. Different to that of series I, resisting forces were not captured as
load cells were not placed at the support regions. Thus the figures below depict only
dynamic force as a function of time for a 200 ms window (from 0 ms to 200 ms). The
GFRP RC beams were broken up based on the overall dynamic force behaviour, for
GFRP RC beams 120II-#3HM-1.0-I-0.355, 120II-#3HM-1.0-I-0.533, 120II-#4HM2.0-I-0.550 and 120II-#4HM-2.0-I-0.825, see in Figure 4-102 and for GFRP RC
beams 120II-#3HM-1.0-I-0.710 and 120II-#4HM-2.0-I-1.1, see Figure 4-103. Data
shown for 120II-#4HM-2.0-I-0.0.550 is for drop 1.
Similar behaviour to that of the GFRP RC beams under impact loading in series I, a
short high magnitude short duration pulse (between 217 kN to 591 kN for all GFRP
RC beams) occurred at the first contact between the GFRP RC beams and drop
hammer. Again, this is indicative that the dynamic force was initially resisted by the
inertia forces at the first contact point. After this short time duration, the dynamic
force was then resisted by the GFRP RC beams flexural resistance as shown in
Figure 4-102 for four of the GFRP RC beams. Thus, dynamic bending resistance was
again extracted from the dynamic load-time histories, ranging from 55.4 kN to 78.6
kN. These four GFRP RC beams displayed well-defined dynamic-load time histories
as opposed to GFRP RC beams 120II-#3HM-1.0-I-0.710 and 120II-#4HM-2.0-I-1.1,
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where dynamic bending resistance could not be establish. The reason for the
differences is for the two GFRP RC beams in Figure 4-103, impact energy from the
drop hammer caused total collapse, and thus the data is unclear compared to the
GFRP RC beams in Figure 4-102, which rebounded from the impact. A summary of
the dynamic bending resistances is reported in Table 4-25.
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Figure 4-102 Dynamic Force-Time History Response of GFRP RC Beams

248

Chapter 4: Experimental Results

700
600

Load (kN)

500
400
300
200

Beam 120II-#4HM-2.0-I-1.1
Beam 120II-#3HM-1.0-I-0.710

100
0
0

0.05

0.1
Time (s)

0.15

0.2

Figure 4-103 Dynamic Force-Time History Response of GFRP RC Beams

Table 4-25 Dynamic Bending Resistance of GFRP RC Beams
GFRP RC Beam

Dynamic Bending
Resistance (kN)

120II-#3HM-1.0-I-0.355

49.7

120II-#3HM-1.0-I-0.533

54.4

120II-#3HM-1.0-I-0.710

*

120II-#4HM-2.0-I-0.550

66.5

120II-#4HM-2.0-I-0.825

78.6

120II-#4HM-2.0-I-1.1

*

*Data not captured due to collapse of GFRP RC beam under impact
4.4.2.4 Dynamic Strain Behaviour in GFRP Reinforcement Bars
Dynamic strain versus time was plotted as shown in Figure 4-104 and Figure 4-105
for the GFRP RC beams with 𝜌𝑓 = 1.0% and 𝜌𝑓 = 2.0%, respectively. The overall
general behaviour of the GFRP reinforcement bars under high impact loading
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displayed a similar trend to that observed in series I. Initially, prior to formation of
cracking, dynamic strain rate was relatively high as shown in Figure 4-106. At the
start of cracking, a small drop in dynamic strain was observed, Post-cracking,
dynamic strain rate reduced as a result of the formation of cracks and low elastic
modulus of the GFRP reinforcement bars and increased fairly linearly up until
average maximum dynamic strain (at approximately 𝑡 = 0.05 s and 𝑡 = 0.04 s, for
GFRP RC beams with 𝜌𝑓 = 1.0% and 𝜌𝑓 = 2.0%, respectively). For GFRP RC
beam 120II-#4HM-2.0-I-1.1, the strain gauges failed prior to maximum dynamic
strain being recorded. Thus, linear regression analysis was done by increasing the
dynamic strain line post-cracking up until approximately 𝑡 = 0.04 s, giving a reading
of 3.0%. For the remaining five GFRP RC beams, average dynamic strain showed to
decrease after maximum dynamic strain was reached due to the rebound effect. A
summary of the maximum dynamic strain is reported in Table 4-26, ranging from 1.7
to 3.0%.

3.00%

Dynamic Strain

2.50%
2.00%
1.50%
1.00%
Beam 120II-#3HM-1.0-I-0.355
Beam 120II-#3HM-1.0-I-0.533
Beam 120II-#3HM-1.0-I-0.710

0.50%
0.00%
0

0.02

0.04
0.06
Time (s)

0.08

0.1

Figure 4-104 Average Maximum Dynamic Strain-Time Histories of GFRP RC
Beams with 𝜌𝑓 = 1.0%
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Figure 4-105 Average Maximum Dynamic Strain-Time Histories of GFRP RC
Beams with 𝜌𝑓 = 2.0%
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Figure 4-106 Dynamic Strain-Time Histories Prior to Cracking
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Table 4-26 Average Maximum Dynamic Strain Results
Average Maximum
GFRP RC Beam

Dynamic Strain, 𝜺𝒇𝒓𝒑,𝒂𝒗𝒈
(%)

120II-#3HM-1.0-I-0.355

2.0

120II-#3HM-1.0-I-0.533

2.3

120II-#3HM-1.0-I-0.710

2.6

120II-#4HM-2.0-I-0.550

1.7

120II-#4HM-2.0-I-0.825

2.0

120II-#4HM-2.0-I-1.1

3.0*

* using linear regression analysis
4.5

Summary

High quality output data and results for a total of twenty four simply supported
GFRP RC beams under both static loading and impact loading have been discussed,
which was used for further analysis and discussion. Also, preliminary material
testing of materials results used for construction of GFRP RC beams have been
included, outlining the experimental mechanical properties of the GFRP
reinforcement (tensile and shear behaviour), steel reinforcement bars and
experimental compressive strength of concrete.

From static loading the main results for the GFRP RC beams include:

1. The load-deflection behaviour of the normal strength and high strength
concrete GFRP RC beams under static loading displayed a bi-linear response,
with the initial section of the response indicating an uncracked behaviour of
the beam. The second part of the response indicated the cracked behaviour of
the GFRP RC beam.
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2. GFRP RC beams designed as over-reinforced with 1.0% and 2.0%
reinforcement ratio showed signs of reserve capacity or ‘‘ductility” prior to
total failure compared to under-reinforced GFRP RC beams.

3. The failure mode (concrete crushing and GFRP reinforcement rupture) of the
GFRP RC beams can be accurately predicted from sectional analysis used for
traditional RC beams with steel reinforcement.

From impact loading, the main results for the GFRP RC beams include:

1. Under impact loading, regardless of the shear capacity of the GFRP RC
beams, the over-reinforced beams have been observed to experience minor
inclined shear cracking and crushing of concrete cover around the impact
zone at approximately 45 angles, resulting in a ‘‘shear plug” and dynamic
punching type of failure. Whereas, the GFRP RC beams under static loading
were shown to be flexural critical. Thus, the shear behaviour of flexurecritical GFRP RC beams must be considered in dynamic modelling or in
designing beams for impact loads. A flexural failure was observed for the
GFRP RC beams designed as balanced or under-reinforced.

2. Resistance of GFRP RC beams under impact loading have been observed to
be controlled by inertia forces at first contact before beam flexural behaviour
starts contributing to resisting the impact load.
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5 DISCUSSION OF EXPERIMENTAL RESULTS

5.1

General

This chapter discusses about the experimental results for GFRP RC beams under
static and impact loading. For the GFRP RC beams under static loading, in both
series, the main areas that were discussed included examining the variables, concrete
strength and GFRP reinforcement ratio and the effect these had on load carrying
capacity, mid-span deflection and post-cracking bending stiffness. Equations
provided by ACI (2015) and CSA (2012) for calculating ultimate capacities (moment
capacities) were compared against experimental load carrying capacities to validate
the accuracy of the FRP design recommendations. Also, validation of effective
moment of inertia equations for calculation of deflection were compared with
experimental load-deflection graphs. Finally, Response 2000, a sectional and
member analysis was conducted to investigate the usefulness and practicality of the
software program for FRP RC beams, with comparisons made with experimental
results.

For the GFRP RC beams under impact loading, there were major differences
associated with each series, and as a result, variations in discussions. For series I, the
effect of concrete strength and GFRP reinforcement ratio were analysed to
understand the effect these variables had on dynamic properties including dynamic
bending resistance, dynamic mid-span deflection, failure mode and crack pattern.
Also, distribution of forces and dynamic equilibrium was verified, with
determination of a dynamic amplification factor, an important design concept for
structures subjected to impact loads. For series II, the effect of impact energy on
GFRP RC beams at different heights in terms of dynamic bending resistance,
dynamic strain, dynamic bending and crack propagation was the main variable
examined. Finally, for each series, a comparative analysis was conducted to analyse
differences in failure modes under static and impact loading.
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5.2
5.2.1

Discussion of Series I GFRP RC Beams
GFRP RC Beams under Static Loading

5.2.1.1 Effect of Concrete Strength and GFRP Reinforcement Ratio
The effect of concrete strength and GFRP reinforcement ratio were two main
variables analysed to understand how they influence the behaviour of the GFRP RC
beams under static loading in terms of load carrying capacity, mid-span deflection
and post-cracking bending stiffness. The effects of these two variables were analysed
at the initial peak (peak 1) as this was considered “failure” for the over-reinforced
GFRP RC beams based on the initial assumption that maximum concrete strain is
𝜀𝑐𝑢 = 0.003 according to ACI (2015). It is noted that these two variables are
intrinsically related to the overall behaviour of the GFRP RC beams. For an underreinforced GFRP RC beam, increasing concrete strength would have no influence on
improving load carrying capacity or reducing deflection due to the failure governed
by GFRP reinforcement rupturing. However, for an over-reinforced GFRP RC beam,
increasing concrete strength would improve the overall strength since the GFRP
reinforcement bars do not rupture at failure.

Figure 5-1 shows the effect of reinforcement ratio on mid-span deflection at peak 1
for normal strength concrete (55.4 MPa) and high strength concrete (70.8 MPa). For
𝜌𝑓 = 0.5%, the increase in concrete strength (increase of only 28%) from normal to
high strength had little effect on mid-span deflection. For GFRP RC beam 40 I-#2S0.5-S, mid-span deflection was measured as 52.5 mm compared to 54.5 mm for
GFRP RC beam 80I-#2S-0.5-S, an increase of 4%. The reason for this small change
in mid-span deflection is attributed to the design failure mode, with the GFRP RC
beams with 𝜌𝑓 = 0.5%, failing by GFRP rupture and balanced conditions. For the
GFRP RC beams with 𝜌𝑓 = 1.0%, mid-span deflection of GFRP RC beam 40I#3HM-1.0-S was measured as 60.4 mm compared to 56.3 mm for GFRP RC beam
80I-#3HM-1.0-S. Increase in concrete strength helped to reduce mid-span deflection
by only 6%. However for the two GFRP RC beams with 𝜌𝑓 = 2.0%, mid-span
deflection decreased 21% from normal (mid-span deflection measured as 59.9 mm)
to high strength concrete (mid-span deflection measured as 47.3 mm).
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In terms of GFRP reinforcement ratio, for the GFRP RC beams with normal strength
concrete, mid-span deflection increased 16% by increasing the reinforcement ratio
from 𝜌𝑓 = 0.5% to 𝜌𝑓 = 1.0%. However, the increase from 𝜌𝑓 = 1.0% to 𝜌𝑓 =
2.0%, mid-span deflection decreased by only 0.8%. For concrete strength of 70.8
MPa, mid-span deflection was not affected for an increase from 𝜌𝑓 = 0.5% to
𝜌𝑓 = 1.0% (mid-span deflection of 54.5 mm for GFRP RC beam 80 I-#2S-0.5-S
compared to 56.3 mm for GFRP RC beam 80I-#3HM-1.0-S). However, for 𝜌𝑓 =
1.0% to 𝜌𝑓 = 2.0% with concrete strength of 70.8 MPa, mid-span defection
decreased 16%, from 56.3 mm to 47.3 mm. Based on the data obtained, it is clear
that increasing concrete strength is most effective at higher reinforcement ratios for
mid-span deflection.
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Figure 5-1 Effect of Concrete Strength and GFRP Reinforcement Ratio on Mid-Span
Deflection

Figure 5-2 shows the effect of GFRP reinforcement ratio on load carrying capacity
for both normal and high strength concrete at peak 1. Figure 5-2 shows that the effect
of concrete strength is insignificant on the load carrying capacity the GFRP RC
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beams sustained at peak 1. For the GFRP RC beams with 𝜌𝑓 = 0.5%, load increased
12% and for 𝜌𝑓 = 1.0%, load increase 9% from normal to high strength concrete.
However for 𝜌𝑓 = 2.0%, a decrease in load was observed (0.4% decrease) by
increasing the concrete strength by 28%. These results show that the effect of
concrete has no significant influence on load carrying capacity, regardless of the
GFRP reinforcement ratio. This could be attributed to the similarities in concrete
strength (55.4 MPa and 70.8 MPa). Since there is minimal difference in concrete
strengths (only 15.4 MPa), the results shown are very similar and thus to see the full
effect of concrete strength, it is recommended to ensure the design concrete strengths
are attained. This can be achieved by hand mixing the concrete onsite using a valid
and reputable mix design.

GFRP reinforcement ratio has shown to have more of an effect on load carrying
capacity compared to concrete strength. A significant change in load from 𝜌𝑓 =
0.5% to 𝜌𝑓 = 1.0% was observed for the GFRP RC beams with normal and high
strength concrete. For normal strength concrete, by modifying the GFRP
reinforcement ratio from 𝜌𝑓 = 0.5% to 𝜌𝑓 = 1.0%, load carrying capacity increased
185% (from 13.8 kN to 39.2 kN). For the same change in GFRP reinforcement ratio
but with higher strength concrete, load carrying capacity increased 175% (from 15.5
kN to 42.6 kN). The reason for this significant increase is because of the change in
failure mode, from GFRP reinforcement rupture governing to concrete crushing
governing. But the increase in load carrying capacity from 𝜌𝑓 = 1.0% to 𝜌𝑓 = 2.0%
wasn’t as drastic since the failure mode for both reinforcement ratios was similar
(concrete crushing governed). For the GFRP RC beams with normal strength
concrete, load increased 26.7% from 𝜌𝑓 = 1.0% to 𝜌𝑓 = 2.0% and 16.3% for the
GFRP RC beams with higher strength concrete.
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Figure 5-2 Effect of Concrete Strength and GFRP Reinforcement Ratio on Load
Carrying Capacity

The bending stiffness of the GFRP RC beams is an important aspect to discuss
because the higher the post-cracking bending stiffness, the reduction in the overall
total mid-span deflection. Initially, all six GFRP RC beams displayed high bending
stiffness. However, post-cracking bending stiffness was significantly reduced as a
result of the low elastic modulus of the GFRP reinforcement bars (37.5 GPa, 55.6
GPa and 48.6 GPa for GFRP reinforcement bars #2S, #3HM and #4HM,
respectively). Post-cracking, load deflection rate significantly reduced, causing the
bending stiffness of the beams to decrease significantly. For GFRP RC beam 40 I-#20.5-S, the decrease in pre- to post- cracking bending stiffness was shown to be 92%
(from 372.6 kNm2 to 29.8 kNm2) and for the GFRP RC beam 80I-#2-0.5-S, the
decrease was 96% (from 841 kNm2 to 32 kNm2). However, for higher strength
concrete (GFRP RC beam 80I-#2-0.5-S), the post-cracking bending stiffness was 7%
larger than that of GFRP RC beam 40I-#2-0.5-S. The GFRP RC beams with higher
reinforcement ratios (𝜌𝑓 = 1.0% and 2.0%) displayed higher bending stiffness at
post-cracking due to the higher elastic modulus of the #3HM and #4HM GFRP
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reinforcement bars. For the GFRP RC beams with 𝜌𝑓 = 1.0% and 2.0%, postcracking bending stiffness increased by 25% (from 83.4 kNm2 to 104 kNm2) and
23% (from 115 kNm2 to 142 kNm2), respectively, when the concrete strength
increased from 55.4 MPa to 70.8 MPa. Figure 5-3 shows the effect of concrete
strength and GFRP reinforcement ratio on post-cracking bending stiffness.

Increasing reinforcement ratio showed to increase post-cracking bending stiffness,
irrespective of concrete strength. For normal and high strength concrete, a major
increase in bending stiffness was observed for when the failure mode changed from
GFRP reinforcement rupture to concrete crushing. For normal strength concrete,
when the reinforcement ratio increased from 𝜌𝑓 = 0.5% to 1.0%, and 𝜌𝑓 = 0.5%
to 2.0%, bending stiffness increased by 180% and 286%, respectively. Similarly, for
high strength concrete, for a change in reinforcement ratio of 𝜌𝑓 = 0.5% to 1.0%,
and 𝜌𝑓 = 0.5% to 2.0%, bending stiffness increased 225% and 344%, respectively.
However for a change from 𝜌𝑓 = 1.0% to 2.0, bending stiffness increased only 38%
and 37% for normal and high strength concrete, respectively.

The effect of how a change in GFRP reinforcement ratio affects the load-carrying
capacity, mid-span deflection and post-cracking bending stiffness at peak 1 for
normal and high strength concrete is reported in Table 5-1 and Table 5-2,
respectively. Table 5-3 reports the influence of how the change in concrete strength
influences peak 1 load carrying capacity, mid-span deflection and post-cracking
bending stiffness.
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Figure 5-3 Effect of Concrete Strength and GFRP Reinforcement Ratio on PostCracking Bending Stiffness

Table 5-1 Effect of GFRP Reinforcement Ratio with Normal Strength Concrete on
Experimental Parameters
Normal Strength Concrete (55.4 MPa)
Peak 1
Change in GFRP
Reinforcement Ratio

Mid-Span
Deflection (mm)

Load

Post-Cracking

Carrying

Bending

Capacity (kN)

Stiffness (kNm2)

𝝆𝒇 = 𝟎. 𝟓% → 𝟏. 𝟎%

14% Increase

184% Increase

180% Increase

𝝆𝒇 = 𝟎. 𝟓% → 𝟐. 𝟎%

15% Increase

260% Increase

286% Increase

𝝆𝒇 = 𝟏. 𝟎% → 𝟐. 𝟎%

0.8% Decrease

27% Increase

38% Increase
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Table 5-2 Effect of GFRP Reinforcement Ratio with High Strength Concrete on
Experimental Parameters
High Strength Concrete (70.8 MPa)
Peak 1
Change in GFRP
Reinforcement Ratio

Mid-Span
Deflection (mm)

Load

Post-Cracking

Carrying

Bending

Capacity (kN)

Stiffness (kNm2)

𝝆𝒇 = 𝟎. 𝟓% → 𝟏. 𝟎%

2% Increase

175% Increase

225% Increase

𝝆𝒇 = 𝟎. 𝟓% → 𝟐. 𝟎%

13% Decrease

220% Increase

344% Increase

𝝆𝒇 = 𝟏. 𝟎% → 𝟐. 𝟎%

16% Decrease

16% Increase

37% Increase

Table 5-3 Effect of Change in Concrete Strength on Experimental Parameters
Concrete Strength, 𝟓𝟓. 𝟒 𝐌𝐏𝐚 → 𝟕𝟎. 𝟖 𝐌𝐏𝐚
Peak 1
GFRP
Reinforcement

Mid-Span

Ratio

Deflection (mm)

Load

Post-Cracking

Carrying

Bending

Capacity (kN)

Stiffness (kNm2)

𝝆𝒇 = 𝟎. 𝟓%

4% Increase

12% Increase

7% Increase

𝝆𝒇 = 𝟏. 𝟎%

7% Decrease

9% Increase

25% Increase

𝝆𝒇 = 𝟐. 𝟎%

21% Decrease

0.3% Decrease

23% Increase

5.2.1.2 Validation of FRP Design Recommendations for Ultimate Capacity
FRP design recommendations ACI (2015) and CSA (2012) were used to calculate
the flexural resistance (nominal moment capacities, 𝑀𝑛 ) of the GFRP RC beams.
Preliminary material results were used for calculation of nominal moment capacities.
The flexural resistance was applicable to only the GFRP RC beams under static
loading and thus the GFRP RC beams under impact loading were omitted. Using the
nominal moment capacities, nominal load carrying capacity (𝑃𝑛 ) was obtained (for
four point bending, 𝑃𝑛 = 6𝑀𝑛 /𝐿). Table 5-4 reports the nominal bending moment
and nominal load carrying capacities calculated using ACI (2015) and CSA (2012).
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Calculations reported in Table 5-4 are based on the assumption that the ultimate
concrete strain is 𝜀𝑐𝑢 = 0.003 for ACI (2015) and 𝜀𝑐𝑢 = 0.0035 for CSA (2012).
Table 5-4 Nominal Capacities of GFRP RC beams (Series I)
(ACI 2015)

(CSA 2012)

𝑴𝒏

𝑷𝒏

𝑴𝒏

𝑷𝒏

(𝐤𝐍. 𝐦)

(𝐤𝐍)

(𝐤𝐍. 𝐦)

(𝐤𝐍)

40I-#2S-0.5-S

5.7

17.0

5.6

16.8

40I-#3HM-1.0-S

10.0

29.9

11.2

33.6

40I-#4HM-2.0-S

11.6

34.7

13.1

39.3

80I-#2S-0.5-S

5.7

17.0

5.6

16.8

80I-#3HM-1.0-S

11.5

34.4

12.5

37.5

80I-#4HM-2.0-S

13.4

40.3

14.6

43.8

GFRP RC Beam

Table 5-5 reports the experimental load, 𝑃𝑢 at peak 1 with the nominal load carrying
capacity of the GFRP RC beams, 𝑃𝑛 calculated using the FRP design
recommendations ACI (2015) and CSA (2012). The nominal load capacities (𝑃𝑛 ) of
the GFRP RC beams are reported in Table 4-7 which were calculated using the
preliminary material properties from experimental testing. It was shown that the
mean ratio of 𝑃𝑛 /𝑃𝑢 for 𝜌𝑓 = 0.5% was not conservative (𝑃𝑛 /𝑃𝑢 > 1), and CSA
(2012) and ACI (2015) over-predicted experimental load by 15% and 17%,
respectively, see Table 5-6. According to ACI (2015) and CSA (2012), mean values
of 𝑃𝑛 /𝑃𝑢 = 1.16 and 𝑃𝑛 /𝑃𝑢 = 1.15 were calculated respectively for 𝜌𝑓 = 0.5% as
reported in Table 5-5. The experimental results for the GFRP RC beams designed to
failure by GFRP rupture and at balanced conditions are not in agreement with ACI
(2015) or CSA (2012) for calculation of nominal load carrying capacity. ACI (2015)
states that a “simplified and conservative lower bound calculation of the nominal
flexural strength of the member” for FRP RC beams designed to failure as FRP
rupture is provided. However, this does not hold true in comparison with the
experimental results. Therefore, in a practical situation, a reduction factor of 0.55
according to ACI (2015) is recommended for when 𝜌𝑓 ≤ 𝜌𝑓𝑏 to provide adequate
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safety and prevent brittle failure. This reduction factor is imperative because the ratio
of the nominal load carrying capacity to the experimental load carrying capacity
must be significantly reduced to a value lower than one.
For the four over-reinforced GFRP RC beams with 𝜌𝑓 = 1.0% and 𝜌𝑓 = 2.0%, the
mean value of 𝑃𝑛 /𝑃𝑢 was much more conservative (𝑃𝑛 /𝑃𝑢 < 1). For both 𝜌𝑓 = 1.0%
and 𝜌𝑓 = 2.0%, mean values of 𝑃𝑛 /𝑃𝑢 = 0.81 and 𝑃𝑛 /𝑃𝑢 = 0.85 were calculated
according to ACI (2015) and CSA (2012), respectively. In terms of GFRP
reinforcement ratio, ACI (2015) under-predicted load carrying capacity by an
average of 23% for 𝜌𝑓 = 1.0% and 𝜌𝑓 = 2.0%. For CSA (2012), nominal load
carrying capacity was also under-predicted by a mean of 15% and 20% for 𝜌𝑓 =
1.0% and 𝜌𝑓 = 2.0%, respectively. Figure 5-4 and Table 5-6 shows the relationship
between nominal load carrying capacity and experimental load at peak 1 and the
GFRP reinforcement ratio.

In terms of concrete strength, it was shown that the results were conservative for ACI
(2015) and CSA (2012). The GFRP RC beams with normal strength concrete had a
mean value of 𝑃𝑛 /𝑃𝑢 = 0.9 and 𝑃𝑛 /𝑃𝑢 = 0.96 according to ACI (2015) and CSA
(2012), respectively. ACI (2015) results were more conservative compared to CSA
(2012) for the normal strength GFRP RC beams. For high strength concrete, ACI
(2015) under-predicted load by an average of 11% (𝑃𝑛 /𝑃𝑢 = 0.90) and 5%
according to CSA (2012) (𝑃𝑛 /𝑃𝑢 = 0.95). Table 5-10 reports the effect of concrete
strength on nominal load carrying capacity from ACI (2015) and CSA (2015) and
experimental load at peak 1, with Figure 5-5 showing a graphical representation.
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Table 5-5 Comparison of Predicted and Experimental Load at Peak 1

GFRP RC Beam

𝑷𝒏 ⁄𝑷𝒖

Experimental
Load, 𝑷𝒖 (kN)

(ACI 2015)

(CSA 2012)

40I-#2S-0.5-S

13.8

1.24

1.22

40I-#3HM-1.0-S

39.2

0.76

0.86

40I-#4HM-2.0-S

49.7

0.70

0.79

80I-#2S-0.5-S

15.5

1.10

1.08

80I-#3HM-1.0-S

42.6

0.80

0.88

80I-#4HM-2.0-S

49.5

0.81

0.88

0.90

0.95

Mean

Table 5-6 Relationship between 𝑃𝑛 ⁄𝑃𝑢 and GFRP Reinforcement Ratio
Mean 𝑷𝒏 ⁄𝑷𝒖

GFRP RC

𝝆𝒇

Beam

(%)

(ACI 2015)

(CSA 2012)

0.5

1.16

1.15

1.0

0.81

0.87

2.0

0.81

0.84

40I-#2S-0.5-S
80I-#2S-0.5-S
40I-#3HM-1.0-S
80I-#3HM-1.0-S
40I-#4HM-2.0-S
80I-#4HM-2.0-S
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1.4

1.2

𝑷𝒏 /𝑷𝒖

1
0.8
0.6

Reinforcement Ratio 0.5% (ACI 2015)
Reinforcement Ratio 0.5% (CSA 2012)

0.4

Reinforcement Ratio 1.0% (ACI 2015)
Reinforcement Ratio 1.0% (CSA 2012)

0.2

Reinforcement Ratio 2.0% (ACI 2015)
Reinforcement Ratio 2.0% (CSA 2012)

0
0

0.5
1
1.5
2
GFRP Reinforcement Ratio (%)

2.5

Figure 5-4 Relationship between 𝑃𝑛 ⁄𝑃𝑢 and GFRP Reinforcement Ratio
Table 5-7 Relationship between 𝑃𝑛 ⁄𝑃𝑢 and Concrete Strength
GFRP RC
Beam

Mean 𝑷𝒏 ⁄𝑷𝒖
(ACI 2015)

(CSA 2012)

0.9

0.96

0.9

0.95

40I-#2S-0.5-S
40I-#3HM-1.0-S
40I-#4HM-2.0-S
80I-#2S-0.5-S
80I-#3HM-1.0-S
80I-#4HM-2.0-S
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1
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High Strength Concrete (ACI 2015)

0.75

High Strength Concrete (CSA 2012)
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Concrete Strength (MPa)

100

Figure 5-5 Relationship between 𝑃𝑛 ⁄𝑃𝑢 and Concrete Strength

5.2.1.3 Validation of Existing Models for Mid-Span Deflection
Validations of existing models for effective moment of inertia were used to
determine the predicted load-deflection behaviour to compare with experimental
results from static testing. Existing models for effective moment of inertia provided
by Getzlaf (2012), proposed a post-cracking stiffness reduction factor of 𝛾𝑑 = 0.8
through regression analysis, which was incorporated into the effective moment of
inertia equation provided in the FRP design recommendation ACI (2006). Tountaji
and Saafi (2000) modified the original effective moment of inertia equation provided
by Branson (1965) to include the FRP reinforcement ratio and modulus of elasticity
into the exponent, 𝑚. Al-Sunna et al. (2005) used an equation for effective moment
of inertia proposed by Benmokrane et al. (1996). However the factor 𝛽 was modified
from the original constant of 7 to a function based on reinforcement ratio and the
FRP modulus of elasticity based on experimental results in the study. Yost et al.
(2003) modified the factor 𝛼 from linear regression analysis to incorporate FRP
reinforcement ratio and balanced reinforcement ratio into the effective moment of
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inertia equation adopted by ACI (2001), which yielded a more approximation for the
beams tested in the study. Finally, the FRP design recommendation ACI (2015)
adopted an equation provided by Bischoff et al. (2009) which has shown to provide
reasonable estimations for deflections for both steel and FRP RC beams.

To accurately verify the existing models, the ratio of the predicted deflection to the
experimental deflection was calculated for load carrying capacity at peak 1 from
experimental results. Post peak 1 was not taken into account as the existing models
do not incorporate the ability to determine the load-deflection behaviour after
concrete crushing of the cover occurs for the over-reinforced GFRP RC beams. The
predicted load-deflection graphs were obtained using the experimental data obtained
from preliminary material testing. A comparison between the experimental and
predicted load-deflections curves obtained from the experiments conducted in this
study and the existing models provided by Getzlaf (2012), Toutanji and Saafi (2000),
Al-Sunna et al. (2005), Yost et al. (2003) and ACI (2015) are shown in Figure 5-6 to
Figure 5-11, with values of ratio of the predicted deflection to experimental
deflection (∆𝑝𝑟𝑒𝑑 ⁄∆𝑒𝑥𝑝 ) at load at peak 1 reported in Table 5-8.

As reported in Table 5-8, the ratio of the predicted deflection to the experimental
deflection for the existing models for effective moment of inertia provide highly
accurate readings for series I GFRP RC beams under static loading. For the effective
moment of inertia model adopted by the FRP design recommendation, ACI (2015),
∆𝑝𝑟𝑒𝑑 ⁄∆𝑒𝑥𝑝 = 0.94 at the load carrying capacity (peak 1). The model provided by
ACI (2015) underestimated deflection by an average of approximately 6%. For the
other four existing models provided in the literature, the predicted deflections at the
experimental load carrying capacity were shown to be both conservative and unconservative. The model adopted by Toutanji and Saafi (2000) provided highly unconservative deflections at smaller loads. However, as loading increased,
comparisons between experimental and predicted deflections improved. An average
of ∆𝑝𝑟𝑒𝑑 ⁄∆𝑒𝑥𝑝 = 0.95 at peak 1 load was calculated, indicating the model underpredicted deflection by approximately 5%. The model adopted by Getzlaf (2012)
with the inclusion of the post-cracking reduction factor of 𝛾𝑑 = 0.8 yielded un267
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conservative deflections at lower loads. However, at peak 1, results were shown to be
highly conservative, with a mean value of ∆𝑝𝑟𝑒𝑑 ⁄∆𝑒𝑥𝑝 = 1.16 calculated. This is
similar to Al-Sunna et al. (2005), who over-predicted deflection on average by 9% at
peak 1 load carrying capacity. Finally, Yost et al. (2003) yielded a mean reading of
∆𝑝𝑟𝑒𝑑 ⁄∆𝑒𝑥𝑝 = 0.96 at peak 1 load carrying capacity.

Table 5-8 Comparison of Predicted and Experimental Deflections at Peak 1 Load
∆𝒑𝒓𝒆𝒅 ⁄∆𝒆𝒙𝒑
GFRP RC

(Toutanji

(Al-

(Yost

and Saafi

Sunna et

et al.

2000)

al. 2005)

2003)

1.07

0.92

1.10

0.92

0.91

1.14

0.91

1.04

0.93

40I-#4HM-2.0-S

0.83

1.04

0.83

0.93

0.84

80I-#2S-0.5-S

0.95

1.17

0.97

1.14

0.97

80I-#3HM-1.0-S

1.04

1.30

1.04

1.19

1.07

80I-#4HM-2.0-S

1.02

1.28

1.03

1.15

1.04

Mean

0.94

1.16

0.95

1.09

0.96

(ACI

(Getzlaf

2015)

2012)

40I-#2S-0.5-S

0.90

40I-#3HM-1.0-S

Beam
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Figure 5-6 Comparative Analysis of Experimental and Predicted Load-Deflection
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Figure 5-8 Comparative Analysis of Experimental and Predicted Load-Deflection
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Figure 5-9 Comparative Analysis of Experimental and Predicted Load-Deflection
Behaviour of GFRP RC Beam 80I-#2S-0.5-S
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Figure 5-10 Comparative Analysis of Experimental and Predicted Load-Deflection
Behaviour of GFRP RC Beam 80I-#3HM-1.0-S
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Figure 5-11 Comparative Analysis of Experimental and Predicted Load-Deflection
Behaviour of GFRP RC Beam 80I-#4HM-2.0-S
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Table 5-9 reports the accuracy of the existing models from most conservative to least
conservative. Overall, most conservative model for deflection compared to
experimental deflections at peak 1 load was provided by Getzlaf (2012)
(∆𝑝𝑟𝑒𝑑 ⁄∆𝑒𝑥𝑝 = 1.16), over-predicting deflection by 16%. The model provided by
Al-Sunna et al. (2005) was the next most conservative model (∆𝑝𝑟𝑒𝑑 ⁄∆𝑒𝑥𝑝 = 1.09),
over-predicting deflection by 9%. Models provided by Yost et al. (2003), Touantji
and Saafi (2000) and ACI (2015) all under-predicted deflection by an average of 4%,
5% and 6%, respectively.

Table 5-9 Validation of Existing Models for Deflection
Mean
Existing Model

∆𝒑𝒓𝒆𝒅 ⁄∆𝒆𝒙𝒑

Under/Over-Predict (%)

1. (Getzlaf 2012)

1.16

Over-Predict by 16%

2. (Al-Sunna et al. 2005)

1.09

Over-Predict by 9%

3. (Yost et al. 2003)

0.96

Under-Predict by 4%

4. (Toutanji and Saafi 2000)

0.95

Under-Predict by 5%

5. (ACI 2015)

0.94

Under-Predict by 6%

5.2.1.4 Response 2000 Analysis
Response 2000: Reinforced Concrete Sectional Analysis, version 1.0.5 is an
analytical software program developed by Bentz (2000) at the University of Toronto.
The program allows for certain properties of structures to be determined including
the strength and ductility subjected to axial, shear or moment loads. The program
was used to determine the capacities of the GFRP RC beams (nominal bending and
load carrying capacities), as well as mid-span deflection and strain levels in the
concrete and GFRP reinforcement bars at failure. Response 2000 was used to
compare with experimental data, including load-deflection behaviour. To more
accurately compare with experimental data, data from material preliminary testing
was included in Response 2000. Table 5-10 reports the data calculated from
Response 2000, which was used to compare with experimental load at peak 1 as
reported in Table 5-11 and experimental mid-span deflection, see Table 5-13. Data
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provided in Table 5-10 includes nominal bending moment capacity (𝑀𝑛 ), nominal
load carrying capacity (𝑃𝑛 ), deflection corresponding to nominal load carrying
capacity (∆𝑝𝑟𝑒𝑑 ), ultimate concrete strain (𝜀𝑐𝑢 ), concrete strain (𝜀𝑐 ), GFRP
reinforcement strain (𝜀𝑓𝑟𝑝 ) and rupture strain of GFRP reinforcement bars (𝜀𝑓𝑟𝑝𝑢 ).

Table 5-10 Response 2000 Analysis of GFRP RC Beams under Static Loading
𝑴𝒏

𝑷𝒏

∆𝒑𝒓𝒆𝒅

𝜺𝒇𝒓𝒑

𝜺𝒇𝒓𝒑𝒖

(𝐤𝐍. 𝐦)

(𝐤𝐍)

(𝐦𝐦)

(%)

(%)

40I-#2S-0.5-S

6.0

18.0

0.0026

N/A

1.96

40I-#3HM-1.0-S

11.1

0.003

N/A

1.1

N/A

40I-#4HM-2.0-S

41.2

0.003

N/A

0.88

N/A

18.2

72.2

N/A

0.0024

N/A

1.96

12.6

38.0

60.9

0.003

N/A

1.3

N/A

14.8

43.0

53.1

0.003

N/A

1.0

N/A

𝜺𝒄𝒖

𝜺𝒄

72.8

N/A

30.6

45.4

13.0

37.8

80I-#2S-0.5-S

6.0

80I-#3HM-1.0-S
80I-#4HM-2.0-S

GFRP RC Beam

Table 5-11 reports the ratio between the nominal load, 𝑃𝑛 obtained from Response
2000 and the experimental load, 𝑃𝑢 at peak 1 for the GFRP RC beams. For 𝜌𝑓 =
0.5%, Response 2000 over-predicted load, a mean value of 𝑃𝑛 /𝑃𝑢 = 1.24 was
calculated for GFRP RC beams 40I-#2S-0.5-S and 80I-#2S-0.5-S. Load was overpredicted by 30% for GFRP RC beam 40I-#2S-0.5-S and 17% for GFRP RC beam
80I-#2S-0.5-S. For 𝜌𝑓 = 1.0%, a mean value of 𝑃𝑛 /𝑃𝑢 = 0.84 was obtained,
indicating conservative results from Response 2000. Response 2000 unpredicted load
by 28% and 12% for GFRP RC beams 40I-#3HM-1.0-S and 80I-#3HM-1.0-S
respectively. However for 𝜌𝑓 = 2.0%, the most conservative result was found to be
for GFRP RC beam 40I-#4HM-2.0-S, where load at peak 1 was under-predicted by
32%, compared to only 15% for GFRP RC beam 80I-#4HM-2.0-S. A summary of the
nominal and experimental load based on GFRP reinforcement ratio is reported in
Table 5-12. An overall mean of 𝑃𝑛 ⁄𝑃𝑢 = 0.96 was measured, indicating the high
accuracy of the software program for analysing load carrying capacity of RC beams
with GFRP reinforcement. For normal strength concrete, a mean value of 𝑃𝑛 /𝑃𝑢 =
0.95 was calculated from Response 2000. For higher strength concrete, a mean value
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of 𝑃𝑛 /𝑃𝑢 = 0.98 was obtained from Response 2000. A summary of the design and
experimental load based on concrete strength is reported in Table 5-12.
Table 5-11 Comparison of Predicted Load from Response 2000 and Experimental
Load at Peak 1
GFRP RC

Experimental Load at

Response 2000

Beam

Peak 1, 𝑷𝒖 (𝐤𝐍)

Load, 𝑷𝒏 (𝐤𝐍)

40I-#2S-0.5-S

13.8

18.0

1.30

40I-#3HM-1.0-S

39.2

30.6

0.78

40I-#4HM-2.0-S

49.7

37.8

0.76

80I-#2S-0.5-S

15.5

18.2

1.17

80I-#3HM-1.0-S

42.6

38.0

0.89

80I-#4HM-2.0-S

49.5

43.0

0.87

𝑷𝒏 ⁄𝑷𝒖

0.96

Mean

Table 5-12 Predicted and Experimental Load based on GFRP Reinforcement Ratio
and Concrete Strength for Response 2000 Analysis
Response 2000
GFRP RC Beam

Mean 𝑷𝒏 ⁄𝑷𝒖
(Concrete Strength)

40I-#2S-0.5-S

40I-#2S-0.5-S
40I-#3HM-1.0-S

GFRP RC Beam

0.95

80I-#2S-0.5-S

40I-#4HM-2.0-S

40I-#3HM-1.0-S

80I-#2S-0.5-S

80I-#3HM-1.0-S

80I-#3HM-1.0-S
80I-#4HM-2.0-S

0.98

40I-#4HM-2.0-S

Mean 𝑷𝒏 ⁄𝑷𝒖
(𝝆𝒇 )
1.24

0.84

0.82

80I-#4HM-2.0-S

Table 5-13 reports the ratio of the predicted deflection obtained from Response 2000
analysis and experimental deflection at peak 1. For 𝜌𝑓 = 0.5%, since Response 2000
over-predicted load and thus as reported in Table 5-14, predicted deflection was also
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over-predicted, by an average of 36%. For 𝜌𝑓 = 1.0%, a mean value of
∆𝒑𝒓𝒆𝒅 ⁄∆𝑒𝑥𝑝 = 0.92 was obtained. Response 2000 under-predicted deflection by 33%
and over-predicted deflection by 8% for GFRP RC beams 40I-#3HM-1.0-S and 80I#3HM-1.0-S, respectively. However for 𝜌𝑓 = 2.0%, GFRP RC beam 40I-#4HM-2.0S provided the most conservative results for load according to Response 2000,
deflection was also highly conservative, under-predicting deflection by 45%.
However for higher strength concrete, GFRP RC beam 80I-#4HM-2.0-S showed
higher accurate results for deflection at peak 1, ∆𝒑𝒓𝒆𝒅 = 53.1 mm, compared to
∆𝑒𝑥𝑝 = 47.3 mm. Overall, a mean of ∆𝑝𝑟𝑒𝑑 ⁄∆𝑒𝑥𝑝 = 1.06 was determined.

In terms of concrete strength, for normal strength concrete, a mean value of
∆𝒑𝒓𝒆𝒅 ⁄∆𝑒𝑥𝑝 = 0.94 was obtained, indicating an under-prediction of deflection by
6.4% from the program. For higher strength concrete, predicted deflections were unconservative as opposed to normal strength concrete, with a mean value of
∆𝒑𝒓𝒆𝒅 ⁄∆𝑒𝑥𝑝 = 1.17 obtained (over-prediction of mid-span deflection by 17%), see
Table 5-14.

Table 5-13 Comparison of Response 2000 and Mid-Span Deflection at Peak 1
Experimental MidGFRP RC
Beam

Span Deflection at
Peak 1, ∆𝒆𝒙𝒑 (𝐦𝐦)

Response 2000
Mid-Span
Deflection,

∆𝒑𝒓𝒆𝒅 ⁄∆𝒆𝒙𝒑

∆𝒑𝒓𝒆𝒅 (𝐦𝐦)

40I-#2S-0.5-S

52.2

72.8

1.39

40I-#3HM-1.0-S

60.4

45.4

0.75

40I-#4HM-2.0-S

59.9

41.2

0.69

80I-#2S-0.5-S

54.5

72.2

1.32

80I-#3HM-1.0-S

56.3

60.9

1.08

80I-#4HM-2.0-S

47.3

53.1

1.12

Mean

1.06
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Table 5-14 Predicted and Experimental Deflection based on GFRP Reinforcement
Ratio and Concrete Strength for Response 2000 Analysis
Mean

GFRP RC

Mean ∆𝒑𝒓𝒆𝒅 ⁄∆𝒆𝒙𝒑

GFRP RC

Beam

(Concrete Strength)

Beam

40I-#2S-0.5-S
40I-#3HM-1.0-S

40I-#2S-0.5-S
0.94

40I-#3HM-1.0-S

80I-#2S-0.5-S

80I-#3HM-1.0-S
1.17

80I-#4HM-2.0-S

(𝝆𝒇 )
1.36

80I-#2S-0.5-S

40I-#4HM-2.0-S

80I-#3HM-1.0-S

∆𝒑𝒓𝒆𝒅 ⁄∆𝒆𝒙𝒑

40I-#4HM-2.0-S

0.92

0.91

80I-#4HM-2.0-S

Overall, for series I, Response 2000 was shown to be a powerful program in
predicting load and mid-span deflection for GFRP RC beams with relatively good
accuracy. In terms of load carrying capacity and mid-span deflection, Response 2000
was shown to be more effective at higher reinforcement ratios with higher strength
concrete. The predicted results at a low reinforcement ratio (𝜌𝑓 = 0.5%) were unconservative in comparison to experimental data. A comparison between loaddeflection curve obtained from Response 2000 and experimental load-deflection are
shown in Figure 5-12 to Figure 5-17.
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Figure 5-12 Comparative Analysis of Experimental and Response 2000 LoadDeflection Behaviour of GFRP RC Beam 40I-#2S-0.5-S
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Figure 5-13 Comparative Analysis of Experimental and Response 2000 LoadDeflection Behaviour of GFRP RC Beam 40I-#3HM-1.0-S
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Figure 5-14 Comparative Analysis of Experimental and Response 2000 LoadDeflection Behaviour of GFRP RC Beam 40I-#4HM-2.0-S
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Figure 5-15 Comparative Analysis of Experimental and Response 2000 LoadDeflection Behaviour of GFRP RC Beam 80I-#2S-0.5-S
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Figure 5-16 Comparative Analysis of Experimental and Response 2000 LoadDeflection Behaviour of GFRP RC Beam 80I-#3HM-1.0-S
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Figure 5-17 Comparative Analysis of Experimental and Response 2000 LoadDeflection Behaviour of GFRP RC Beam 80I-#4HM-2.0-S
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5.2.2

GFRP RC Beams under Impact Loading

5.2.2.1 Effect of Concrete Strength and GFRP Reinforcement Ratio
The effect of concrete strength and GFRP reinforcement ratio were shown to play a
role in the overall response of GFRP RC beams under impact loading. The effect
these two variables had on the following parameters was examined - dynamic
bending resistance and dynamic mid-span deflection.

Figure 5-18 shows the effect of GFRP reinforcement ratio and concrete strength on
the dynamic bending resistance of the GFRP RC beams. In terms of concrete
strength, for 𝜌𝑓 = 0.5%, increasing the concrete strength from 57.4 MPa to 72.3
MPa increased the dynamic bending resistance by 10%, from 20 kN to 22 kN.
Results were similar for reinforcement ratios of 𝜌𝑓 = 1.0% and 2.0%. For 𝜌𝑓 =
1.0% and 2.0%, an increase in dynamic bending resistance of 6% and 11% was
observed, respectively, for when concrete changed from normal strength to high
strength. Based on these results, it is clear that concrete strength has a very minimal
effect on the dynamic bending resistance, and the reason for this could be attributed
to the similarities in concrete strength between normal strength concrete and high
strength concrete.

The effect of change in GFRP reinforcement ratio by keeping the concrete strength
fixed is also shown in Figure 5-18. By increasing the GFRP reinforcement ratio by
100% (𝜌𝑓 = 0.5% → 1.0%), for normal strength concrete, dynamic bending
resistance increased by 70% and by increasing the GFRP reinforcement ratio by
300% (𝜌𝑓 = 0.5% → 2.0%), dynamic bending resistance increased by 80%.
However, when the GFRP reinforcement ratio increased from 𝜌𝑓 = 1.0% to
𝜌𝑓 = 2.0%, an increase of only 6% in dynamic bending resistance was observed.
These results parallel the data for the high strength GFRP RC beams. Dynamic
bending resistance increased 68% for 𝜌𝑓 = 0.5% → 1.0%, 82% for 𝜌𝑓 = 0.5% →
2.0% and 8% for 𝜌𝑓 = 1.0% → 2.0%.
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Figure 5-18 Effect of Concrete Strength and GFRP Reinforcement Ratio on Dynamic
Bending Resistance

In terms of dynamic mid-span deflection, only data for the GFRP RC beams with a
reinforcement ratio of 𝜌𝑓 = 1.0% and 𝜌𝑓 = 2.0% was able to be used to study the
effect of concrete strength and GFRP reinforcement ratio since the two GFRP RC
beams with 𝜌𝑓 = 0.5% totally collapsed under impact. For the two GFRP RC beams
with 𝜌𝑓 = 1.0%, by increasing the concrete strength from normal strength to high
strength, dynamic mid-span deflection decreased 10% (from 57.5 mm to 51.6 mm).
For 𝜌𝑓 = 2.0%, a reduction in dynamic mid-span deflection of 16% was recorded
(from 52.3 mm to 43.8 mm). Figure 5-19 shows the effect of concrete strength on
dynamic bending resistance.

The effect of change in GFRP reinforcement ratio by keeping the concrete strength
fixed (Figure 5-19) shows that higher strength concrete is more beneficial when it
comes to controlling dynamic mid-span deflection. For normal strength concrete
(57.4 MPa), by modifying GFRP reinforcement ratio from 𝜌𝑓 = 1.0% → 2.0%,
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dynamic mid-span deflection decreased 9% (from 57.5 mm to 52.3 mm). For the
same change in GFRP reinforcement ratio but with high strength concrete, deflection
decreased 15% (from 51.6 mm to 43.6 mm). To verify this data more accurately,
more GFRP RC beams need to be tested under impact loading, but there is a clear
trend that increasing reinforcement ratio and using higher strength concrete are major
factors in reducing the serviceability (deflection).

Overall, increasing concrete strength had little influence on increasing dynamic
bending resistance (increase of only between 6% and 11%), whereas increasing
GFRP reinforcement ratio significantly improved dynamic bending resistance by 680% and by 8-82% for normal and high strength concrete, respectively. Increasing
concrete strength showed to reduce overall dynamic mid-span deflection by 10-16%
and by increasing GFRP reinforcement ratio, dynamic mid-span deflection decreased
9% and 15% for normal and high strength concrete, respectively. Table 5-15
summaries the effect of the change in concrete strength on dynamic bending
resistance and dynamic mid-span deflection. Table 5-16 and Table 5-17 report the
effect a change in GFRP reinforcement ratio has on dynamic bending resistance and
dynamic mid-span deflection for both normal strength concrete and high strength
concrete, respectively.

282

Chapter 5: Discussion of Experimental Results
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Figure 5-19 Effect of Concrete Strength and GFRP Reinforcement Ratio on Dynamic
Mid-Span Deflection

Table 5-15 Effect of Change in Concrete Strength on Experimental Parameters
Concrete Strength, 𝟓𝟕. 𝟒 𝐌𝐏𝐚 → 𝟕𝟐. 𝟑 𝐌𝐏𝐚
GFRP

Dynamic Mid-

Reinforcement

Span

Ratio

Deflection (mm)

𝝆𝒇 = 𝟎. 𝟓%

N/A

10% Increase

𝝆𝒇 = 𝟏. 𝟎%

10% Decrease

6% Increase

𝝆𝒇 = 𝟐. 𝟎%

16% Decrease

11% Increase

Dynamic Bending
Resistance (kN)
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Table 5-16 Effect of GFRP Reinforcement Ratio with Normal Strength Concrete on
Experimental Parameters
Normal Strength Concrete (57.4 MPa)
Dynamic Mid-

Dynamic

Span

Bending

Deflection (mm)

Resistance (kN)

𝝆𝒇 = 𝟎. 𝟓% → 𝟏. 𝟎%

N/A

70% Increase

𝝆𝒇 = 𝟎. 𝟓% → 𝟐. 𝟎%

N/A

80% Increase

𝝆𝒇 = 𝟏. 𝟎% → 𝟐. 𝟎%

9% Decreased

6% Increase

Change in GFRP
Reinforcement Ratio

Table 5-17 Effect of GFRP Reinforcement Ratio with High Strength Concrete on
Experimental Parameters
High Strength Concrete (72.3 MPa)
Dynamic Mid-

Dynamic

Span

Bending

Deflection (mm)

Resistance (kN)

𝝆𝒇 = 𝟎. 𝟓% → 𝟏. 𝟎%

N/A

68% Increase

𝝆𝒇 = 𝟎. 𝟓% → 𝟐. 𝟎%

N/A

82% Increase

𝝆𝒇 = 𝟏. 𝟎% → 𝟐. 𝟎%

15% Decreased

8% Increase

Change in GFRP
Reinforcement Ratio

5.2.2.2 Distribution of Forces and Dynamic Equilibrium
When a beam is subjected to a falling mass, the impact force, 𝐼(𝑡), is resisted by two
transient dynamic mechanisms: inertial resistance and beam flexural resistance. As
the drop hammer strikes the beam, the beam accelerates in the direction of the impact
force, resulting in inertial forces directed in the opposite direction. The inertial force
can be defined as the mass of the beam multiplied by the acceleration, 𝑎(𝑥, 𝑡) along
𝐿

the length of the beam (𝐿) or as, ∫0 𝑚
̅ 𝑎(𝑥, 𝑡)𝑑𝑥, where 𝑚
̅ is the mass of the beam per
unit length. The dynamic vertical force equilibrium of a GFRP RC beam under
impact loading along the beam is shown in Equation (5-1), as initially described by
Saatci and Vecchio (2009). For the GFRP RC beams, dynamic vertical force
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equilibrium was verified at different time intervals. However, since the acceleration
along the GFRP RC beam was not recorded, inertial resistance was calculated as the
impact force minus the support reaction forces.
𝐿

∫ 𝑚𝑎(𝑥, 𝑡)𝑑𝑥 + R1 (𝑡) + R 2 (𝑡) − 𝐼(𝑡) = 0

(5-1)

0

where: 𝑎 is acceleration of beam, 𝐼(𝑡) is impact force as a function of time, 𝐿 is
length of beam, 𝑚 is mass of beam per unit length, 𝑅1 (𝑡) is support reaction force 1
as a function of time and 𝑅2 (𝑡) is support reaction force 2 as a function of time.
As explained by Saatci and Vecchio (2009), Equation (5-2) can be used to
calculate 𝛼, a coefficient defined as the ratio of the inertia forces to the total impact
force. The coefficient is utilised to show that for the impact GFRP RC beams, when
𝛼 = 1, the force of the drop hammer is mainly resisted by the inertia forces at the
initial contact and for 𝛼 = 0, the impact force is resisted and transmitted to the
support reactions during the contact.

𝑅=

(1 − 𝛼)𝐼
2

(5-2)

where: 𝐼 is impact force, 𝑅 is load at reaction support and 𝛼 is the ratio of the inertia
forces to the total impact force.
By rearranging Equation (5-2), 𝛼 can be calculated using Equation (5-3),

𝛼 =1−

2𝑅
𝐼

(5-3)

As shown in Figure 5-20, the shear force and bending moment diagrams are
illustrated for three point bending conditions. These diagrams provided by Saatci and
Vecchio (2009) explain the reason beams under dynamic loading experience the
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formation of shear plugs, as opposed to beams under static loading. For dynamic
loading, the bending moment at the mid-span can be calculated using Equation (5-4),
where 𝑙 is the distance from the support to the loading point and 𝑎 is the overhang
distance. The impact GFRP RC beams were subjected to three point bending and
thus Equation (5-4) can be used. For the six GFRP RC beams under impact loading,
𝑙 = 1 m and 𝑎 = 0.2 m, where 𝑙 is the shear span length and 𝑎 is the overhang
length. For the GFRP RC beams under static loading, the bending moment at the
mid-span can be calculated using Equation (5-5). Note Equation (5-5) is for three
point bending, however it was used for the static GFRP RC beams which were
subjected to four point bending as the same concept applies regardless of loading
configuration.

𝑀=

20𝑎3
]
𝑙
[10(6𝑎2 − 5𝑙 2 )]

𝛼𝐼𝑙 [9𝑙 2 − 30𝑎2 −

𝑀=

(1 − 𝛼)𝐼𝑙
2

(5-4)

(5-5)

By applying 𝑙 = 1 m and 𝑎 = 0.2 m to Equation (5-4), for 𝛼 = 1, when the GFRP
RC beams are initially resisted by inertia forces, 𝑀 = 0.16𝐼 and for Equation (5-5),
𝑎 = 0 since there is no inertia resistance under static loading and thus 𝑀 = 0.5𝐼.
Based on these results, it is evident that dynamic bending moment at the mid-span is
significantly smaller under impact loading, at the first point of contact than it is for
the static case (approximately three times smaller). Since the shear force doesn’t
depend on the coefficient 𝑎, it is always equal to 𝐼/2. Thus this illustrates that for
static and dynamic loading, the GFRP RC beams experience the same shear forces,
but the bending moment varies considerably. This explains the phenomena of the
reason behind the formation of shear plugs, as opposed to the static GFRP RC beams
which were flexure-critical and the reason the GFRP RC beams under impact loading
experience shear cracks forming around the impact zone.
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(a) Dynamic

(b) Static

Figure 5-20 Distribution of Forces and Resulting Moment and Shear Diagrams
(Saatci and Vecchio 2009)

The behaviour of the six GFRP RC beams in terms of resisting forces were similar
and thus only GFRP RC beam 40I–#3HM–1.0–I was analysed in depth. As shown in
Figure 5-21, the graph represents the impact forces and the resisting forces for a 50
millisecond window (from 90 ms to 140 ms). As shown, it is clear that the first initial
contact occurred at 0.1 seconds, by a large spike in the impact force and inertia. It is
evident, that at this point in time, the inertia forces were approximately equal to the
impact force, with the support reactions not being utilised during the initial contact.
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𝐿

At 𝑡 ≈ 0 𝑠, ∫0 𝑚𝑎(𝑥, 𝑡)𝑑𝑥 ≈ 𝐼(𝑡)
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∫ 𝑚𝑎(𝑥, 𝑡)𝑑𝑥 ≈ 0 for t > 0.01 s and thus, 𝐼(𝑡) = 𝑅1 (𝑡) + 𝑅2 (𝑡)
0

Time (s)

Figure 5-21 Breakdown of Resisting Forces for GFRP RC Beam 80I–#4HM–2.0–I
By applying the above equations to the GFRP RC beams, the contribution of inertia
and resistance from the supports at various time intervals (from approximately 𝑡 = 0
to 𝑡 = 0.03 s) is reported in Table 5-18 and Table 5-19 for normal and high strength
concrete, respectively. There is a general pattern from the results, that at the first
point of contact between the GFRP RC beams and drop hammer, resistance is
controlled by inertia, where 𝛼 was shown to be approximately equal to 1.0. That is,
100% of the resistance is controlled by the inertia forces. At each support
(𝑅1 (𝑡) and 𝑅2 (𝑡)), there is very minimal resistance between 𝑡 = 0.1 s and 𝑡 =
0.11 s, where 𝑅1 (𝑡) + 𝑅2 (𝑡) ≈ 0. But for 𝑡 > 0.01 s, there is a significant change in
the resistance and this is also shown in Figure 5-21, where the inertia graph is
roughly travelling along the x-axis, indicating no resistance from the inertia forces.
This is reiterated in Table 5-18 and Table 5-19, where 𝛼 ≈ 0 for 𝑡 > 0.01 s. Thus
after the initial contact, the impact force is controlled by the GFRP RC beams
dynamic bending resistance. The data from Table 5-18 and Table 5-19 was used to
verify dynamic equilibrium, see Table 5-20 and Table 5-21 for normal and high
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strength GFRP RC beams, respectively. The results indicate that the equation
provided by Saatci and Vecchio (2009) holds true for GFRP RC beams under impact
loading.

Table 5-18 Breakdown of Resisting forces for Normal Strength GFRP RC Beams
GFRP RC
Beam

40I-#2S-0.5-I

40I-#3HM-1.0-I

40I-#4HM-2.0-I

𝑳

𝑰(𝒕)

𝑹𝟏 (𝒕) + 𝑹𝟐 (𝒕)

(kN)

(kN)

0

0

0

0

N/A

0.000352

190.70

0.97

189.73

0.99

0.004414

24.24

0.04

24.20

1.0

0.014922

17.79

12.32

5.47

0.19

0.019141

17.76

11.33

6.43

0.29

0.022793

17.67

16.83

0.83

0.03

0.026270

18.83

17.94

0.89

0.08

0

0

0

0

N/A

0.000352

191.57

0.95

190.62

0.99

0.004883

12.02

0.05

11.98

1.0

0.013281

28.09

27.39

0.70

0.13

0.018066

31.10

30.37

0.73

0.07

0.024980

32.04

31.68

0.35

0.02

0.030547

28.30

27.56

0.75

0.05

0

0

0.00

0

N/A

0.000820

97.81

0.27

97.54

1.00

0.017988

28.08

27.69

0.39

0.09

0.019727

36.65

36.60

0.05

0.07

0.032793

20.13

19.94

0.19

0.04

0.038203

11.10

10.96

0.14

0.09

0.038223

11.31

11.00

0.32

0.09

Time

∫ 𝒎𝒂(𝒙, 𝒕)𝒅𝒙
𝟎

𝜶

(kN)
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Table 5-19 Breakdown of Resisting forces for High Strength GFRP RC Beams
GFRP RC
Beam

80I-#2S-0.5-I

80I-#3HM-1.0-I

80I-#4HM-2.0-I

𝑳

𝑰(𝒕)

𝑹𝟏 (𝒕) + 𝑹𝟐 (𝒕)

(kN)

(kN)

0

0

0

0

N/A

0.000312

195.94

0.69

195.25

1.0

0.006914

1.54

0.24

1.30

0.97

0.017168

14.75

14.64

0.12

0.16

0.019414

10.99

10.62

0.37

0.28

0.01959

10.54

10.31

0.23

0.17

0.03

1.55

1.29

0.26

0.59

0

0

0

0

N/A

0.000312

203.16

1.24

201.92

1.0

0.002129

24.9

0.3

24.60

1.0

0.00373

15.59

0

15.59

1.0

0.012598

28.8

26.99

1.81

0.3

0.019414

36.21

35.77

0.44

0.03

0.024824

32.33

31.08

1.25

0.07

0

0

0

0

N/A

0.000137

202.78

0.77

202.01

1.0

0.002617

37.1

0.06

37.04

1.0

0.010488

35.3

32.20

3.10

0.37

0.015859

39.6

38.35

1.25

0.14

0.025039

31.21

30.90

0.31

0.04

0.028301

24.83

23.82

1.01

0.08

Time (𝒔)

∫ 𝒎𝒂(𝒙, 𝒕)𝒅𝒙
𝟎

𝜶

(kN)
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Table 5-20 Verification for Vertical Force Dynamic Equilibrium for Normal Strength
GFRP RC Beams

40I-#2S-0.5-I

40I-#3HM-1.0-I

40I-#4HM-2.0-I

𝑳

Time

GFRP RC Beam

𝑹𝟏 (𝒕) + 𝑹𝟐 (𝒕) + ∫ 𝒎𝒂(𝒙, 𝒕)𝒅𝒙 = 𝑰(𝒕)

(𝒔)

At 𝑡 =

At 𝑡 =

At 𝑡 =

𝟎

0

0+0= 0

0.000352

0.97 + 189.73 = 190.7

0.004414

0.04 + 24.20 = 24.24

0.014922

12.32 + 5.47 = 17.79

0.019141

11.33 + 6.43 = 17.76

0.022793

16.83 + 0.83 = 17.67

0.026270

17.94 + 0.89 = 18.83

0

0+0= 0

0.000352

0.95 + 190.62 = 191.57

0.004883

0.05 + 11.98 = 12.02

0.013281

27.39 + 0.70 = 28.09

0.018066

30.37 + 0.73 = 31.10

0.024980

31.68 + 0.35 = 32.04

0.030547

27.56 + 0.75 = 28.30

0

0+0= 0

0.000820

0.27 + 97.54 = 97.81

0.017988

27.69 + 0.39 = 28.08

0.019727

36.60 + 0.05 = 36.65

0.032793

19.94 + 0.19 = 20.13

0.038203

10.96 + 0.14 = 11.10

0.038223

11.00 + 0.32 = 11.31
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Table 5-21 Verification for Vertical Force Dynamic Equilibrium for High Strength
GFRP RC Beams

80I-#2S-0.5-I

80I-#3HM-1.0-I

80I-#4HM-2.0-I

𝑳

Time

GFRP RC Beam

𝑹𝟏 (𝒕) + 𝑹𝟐 (𝒕) + ∫ 𝒎𝒂(𝒙, 𝒕)𝒅𝒙 = 𝑰(𝒕)

(𝒔)

At 𝑡 =

At 𝑡 =

At 𝑡 =

𝟎

0

0+0 =0

0.000312

0.69 + 195.25 = 195.94

0.006914

0.24 + 1.30 = 1.54

0.017168

14.64 + 0.12 = 14.75

0.019414

10.62 + 0.37 = 10.99

0.01959

10.31 + 0.23 = 10.54

0.03

1.29 + 0.26 = 1.55

0

0+0 =0

0.000312

1.24 + 201.92 = 203.16

0.002129

0.3 + 24.60 = 24.9

0.00373

0 + 15.59 = 15.59

0.012598

26.99 + 1.81 = 28.8

0.019414

35.77 + 0.44 = 36.21

0.024824

31.08 + 1.25 = 32.33

0

0+0 =0

0.000137

0.77 + 202.01 = 202.78

0.002617

0.06 + 37.04 = 37.1

0.010488

32.20 + 3.10 = 35.3

0.015859

38.35 + 1.25 = 39.6

0.025039

30.90 + 0.31 = 31.2

0.028301

23.82 + 1.01 = 24.8
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5.2.2.3 Dynamic Amplification Factor Design
In structural dynamic analysis, Dynamic Amplification Factor (DAF) is an important
factor in terms of designing structures subjected to impact loading. For this research,
the factor, a dimensionless number is defined as the ratio of the dynamic moment
capacity, 𝑀𝑑 to the static moment capacity, 𝑀𝑢 . It is a factor used to determine how
much the static load should be multiplied by when a dynamic load is applied to a
structure such as a beam as well as describing the enhancement of the beam’s
resistance due to dynamic loading. From the experimental results, the dynamic
moment capacity (𝑀𝑑 ) was obtained from vertical force equilibrium, using support
reaction forces, 𝑅1 (𝑡) and 𝑅2 (𝑡), inertial resistance and impact load, 𝐼(𝑡). Inertial
resistance was assumed to act in a triangular pattern along the length of the GFRP
RC beam and thus 𝑀𝑑 was calculated by taking moments about the centroid of
inertial resistance of the triangle, see Equation (5-6) and Figure 5-22 for a free body
diagram depiction. The static moment capacity, 𝑀𝑢 was based on the load carrying
capacity, 𝑃𝑢 at peak 1 from the static GFRP RC beams, that is 𝑀𝑢 = 𝑃𝑢 𝐿/6.
Therefore the DAF can be obtained using Equation (5-7).

𝑀𝑑 =

2𝐿
𝐼(𝑡) 𝐿
𝑅1 (𝑡) +
×
6
2
6

(5-6)

I(t)/2
L/2
L/3

R1(t)

L/6
Centroid
of Inertial
Resistance

Md

Figure 5-22 Free Body Diagram for Dynamic Moment Calculation
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DAF =

𝑀𝑑
𝑀𝑢

(5-7)

Table 5-22 reports the ratio of the experimental dynamic moment of the GFRP RC
beams to the static moment capacities. The mean result for DAF was calculated as
𝑀𝑑 /𝑀𝑢 > 1 = 1.15. Since this ratio was determined to be greater than one, this
indicates that the GFRP RC beams have additional reserve capacity when subjected
to impact loading. GFRP RC beams 40I-#2S-0.5-I and 80I-#2S-0.5-I were excluded
from the calculations since they ruptured and totally collapsed, thus 𝑀𝑑 could not be
determined. The relationship between dynamic moment capacity (calculated using
Equation (5-6)) and time for GFRP RC beam 40 I–#3HM–1.0–I is displayed below in
Figure 5-23 for 𝑡 = 0 s to 𝑡 = 0.04 s. It is observe that for a short interval,
around 𝑡 = 0.12 s, the dynamic moment capacity is roughly constant for a very short
period of time and thus it can be concluded that 𝑀𝑑 ≈ 16 kNm.

35
30

Md (kN.m)

25
𝑀𝑑 ≈ 16 kNm

20
15
10
5
0
0

0.01

0.02
Time (s)

0.03

0.04

Figure 5-23 Dynamic Moment Time History for GFRP RC Beam 40I-#3HM-1.0-I
under Impact Loading
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Table 5-22 Dynamic Amplification Factor (Series I)
GFRP RC Beam

𝑴𝒖 (𝐤𝐍𝐦)

𝑴𝒅 (𝐤𝐍𝐦)

𝐃𝐀𝐅

40I-#2S-0.5-S

4.60

*

*

40I-#3HM-1.0-S

13.1

16

1.22

40I-#4HM-2.0-S

16.6

17

1.02

80I-#2S-0.5-S

5.17

*

*

80I-#3HM-1.0-S

14.2

16

1.13

80I-#4HM-2.0-S

16.5

20

1.21

Mean

1.15

* DAF could not be calculated since GFRP RC beams totally collapsed under impact
loading.
5.2.3

Static versus Impact Loading

5.2.3.1 Comparative Analysis of Failure Modes under Static and Impact Loading
The failure mode of the GFRP RC beams fits well with the phenomena provided by
Saatci and Vechcio (2009), who explained that if a flexure-critical RC beam is
subjected to impact loading, the beam will experience shear cracking as a result of
the smaller moment being applied during the initial stages of the response compared
to static loading, with the shear forces independent of both static and impact loading.
For the GFRP RC beams under static loading, overall failure was shown to be
predominately flexure-critical. For the over-reinforced GFRP RC beams under static
loading, when concrete strain reached the assumed limit of 𝜀𝑐𝑢 = 0.003, failure was
caused by bending, prior to shear cracking at the supports. Under impact loading,
however, it was evident that the overall failure mode was considerably different,
especially for the over-reinforced GFRP RC beams to that under static loading due to
the differences in mechanisms, including the inertial resistance of the beam. Under
impact loading, the crack pattern indicated a shear “plug” type of failure, with
concrete crushing of the cover in the impact zone.
For the GFRP RC beams under static and impact loading with 𝜌𝑓 = 0.5%, as shown
in Figure 5-24(a)&(b) and Figure 5-25(a)&(b) for GFRP RC beams 40I-#2S-0.5-S&I
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and 80I-#2S-0.5-S&I, respectively, failure was shown to be flexure-critical regardless
of the loading condition (static or impact loading). No signs of inclined or shear
cracking was evident. This could be attributed to a number of factors including
governing failure mode (balanced failure and GFRP reinforcement rupture) and the
amount of impact energy applied to the GFRP RC beams under impact loading. For
GFRP RC beams 40I-#2S-0.5-S and 80I-#2S-0.5-S, energy absorption capacities
were calculated as 435 J and 518 J, respectively. However, the identical GFRP RC
beams under impact loading (GFRP RC beams 40I-#2S-0.5-I and 80I-#2S-0.5-I) were
subjected to an impact energy of 1295 J (drop hammer height of 1.2 m),
approximately 2.5 to 3 times the amount of energy compared to static energy
absorption capacity. As a result, as shown in Figure 5-24(b) and Figure 5-25(b), the
GFRP RC beams were unable to resist the impact energy, due to the rupture of the
GFRP reinforcement bars, causing collapse within the impact area, with very few
flexural cracks compared to the GFRP RC beams under static loading.
For the over-reinforced GFRP RC beams under impact loading with 𝜌𝑓 = 1.0% and
𝜌𝑓 = 2.0%, regardless of their static behaviour (predominately flexure-critical), all
the specimens displayed minor inclined shear cracking around the impact zone,
initially propagating from the tensile zone. A shear “plug” formed around the impact
zone, with the addition of other minor inclined shear cracks parallel to the shear
“plug”. A few vertical cracks were observed, closer to the supports. Compared to the
GFRP RC beams under static loading, a fewer number of cracks were observed.
Figure 5-26 to Figure 5-29 show the failure modes of the over-reinforced GFRP RC
beams under both static and impact loading.
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(a) Static Loading

(b) Impact Loading
Figure 5-24 Failure Modes of GFRP RC Beams 40I-#2S-0.5-S and 40I-#2S-0.5-I

(a) Static Loading

(b) Impact Loading
Figure 5-25 Failure Modes of GFRP RC Beams 80I-#2S-0.5-S and 80I-#2S-0.5-I

(a) Static Loading

(b) Impact Loading
Figure 5-26 Failure Modes of GFRP RC Beams 40I-#3HM-1.0-S and 40I-#3HM-1.0-I
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(a) Static Loading

(b) Impact Loading
Figure 5-27 Failure Modes of GFRP RC Beams 80I-#3HM-1.0-S and 80I-#3HM-1.0-I

(a) Static Loading

(b) Impact Loading
Figure 5-28 Failure Modes of GFRP RC Beams 40I-#4HM-2.0-S and 40I-#4HM-2.0-I

(a) Static Loading

(b) Impact Loading
Figure 5-29 Failure Modes of GFRP RC Beams 80I-#4HM-2.0-S and 80I-#4HM-2.0-I
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5.3
5.3.1

Discussion of Series II GFRP RC Beams
GFRP RC Beams under Static Loading

5.3.1.1 Effect of Concrete Strength and GFRP Reinforcement Ratio
The effect of concrete strength and reinforcement ratio were systematically
investigated to further understand their role in GFRP RC beams under static loading,
in terms of load carrying capacity, mid-span deflection and post-cracking bending
stiffness.
For the GFRP RC beams with 𝜌𝑓 = 0.5%, the effect of concrete strength showed to
have minimal influence on the load carrying capacity. By increasing the concrete
strength from 95.2 MPa to 116 MPa, load increased by 8% (from 15 kN to 16.2 kN).
The reason for this is because these GFRP RC beams are designed as underreinforced and thus their failure is governed by the tensile strength of the GFRP
reinforcement bars. Mid-span deflection was shown to decrease by 5% for 𝜌𝑓 =
0.5%, for an increase in concrete strength of 22% (from 81.8 mm to 77.5 mm). A
12% increase in post-cracking bending stiffness was observed for 𝜌𝑓 = 0.5%, for an
increase in concrete strength.
Concrete strength was more influential for GFRP RC beams with 𝜌𝑓 = 1.0% and
𝜌𝑓 = 2.0% in increasing the load carrying capacity, due to the failure being
governed by the strength of the concrete (concrete crushing). For 𝜌𝑓 = 1.0% and
𝜌𝑓 = 2.0%, load increased by 27% (from 33 kN to 41.8 kN) and 13% (from 46.1 kN
to 52.2 kN), respectively by increasing concrete from 95.2 MPa to 116 MPa.
However, increasing concrete strength showed to increase mid-span deflection for
𝜌𝑓 = 1.0% and 𝜌𝑓 = 2.0%, by 17% and 10%, respectively. In terms of post-cracking
bending stiffness, for 𝜌𝑓 = 1.0%, stiffness increased 10% for a change in concrete
strength. However, for 𝜌𝑓 = 2.0%, a reduction in 0.07% in post-cracking bending
stiffness was observed. At higher reinforcement ratios, higher concrete strength
doesn’t seem to improve post-cracking bending stiffness. The effect of concrete
strength on load carrying capacity, mid-span deflection and post-cracking bending
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stiffness can be seen in Figure 5-30, Figure 5-31 and Figure 5-32, respectively, with
a summary reported in Table 5-23.

In terms of reinforcement ratio, increasing tensile reinforcement showed to increase
load-carrying capacity, reduce deflection and increase post-cracking bending
stiffness regardless of concrete strength as shown in Figure 5-30, Figure 5-31 and
Figure 5-32, respectively. For the GFRP RC beams with concrete strength of 95.2
MPa, load carrying capacity increased by 120%, with a decrease in mid-span
deflection of 23% and increase in post-cracking bending stiffness by 231% for the
change in reinforcement ratio from 𝜌𝑓 = 0.5% to 𝜌𝑓 = 1.0%. The reason for the
significantly large change in reinforcement ratio is attributed to the change in failure
mode, from GFRP reinforcement rupture to concrete crushing. This was evident for a
reinforcement change from 𝜌𝑓 = 0.5% to 𝜌𝑓 = 2.0%, where load increased by
207%, with a decrease in mid-span deflection of 29% and increase in post-cracking
bending stiffness of 434%. However, by increasing the reinforcement ratio
from 𝜌𝑓 = 1.0% to 𝜌𝑓 = 2.0%, load carrying capacity increased by 40%, with a 7%
reduction in deflection and 61% increase in post-cracking bending stiffness.

Similar outcomes were observed for 116 MPa concrete. For a change in
reinforcement ratio from 𝜌𝑓 = 0.5% to 𝜌𝑓 = 1.0%, 𝜌𝑓 = 0.5% to 𝜌𝑓 = 2.0% and
𝜌𝑓 = 1.0% to 𝜌𝑓 = 2.0%, load carrying capacity increased 158%, 222% and 25%,
respectively. For mid-span deflection, a decrease of 5% was observed for a change in
reinforcement ratio from 𝜌𝑓 = 0.5% to 𝜌𝑓 = 1.0%, compared to 17% and 12% for
𝜌𝑓 = 0.5% to 𝜌𝑓 = 2.0% and 𝜌𝑓 = 1.0% to 𝜌𝑓 = 2.0%, respectively. For postcracking bending stiffness, an increase of 224%, 377% and 47% was observed for an
increase in reinforcement ratio from 𝜌𝑓 = 0.5% to 𝜌𝑓 = 1.0%, 𝜌𝑓 = 0.5% to 𝜌𝑓 =
2.0% and 𝜌𝑓 = 1.0% to 𝜌𝑓 = 2.0%, respectively. A summary of the effect of a
change in reinforcement ratio is reported in Table 5-24 and Table 5-25 for 95.2 MPa
concrete and 116 MPa concrete, respectively.
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Load Carrying Capacity (kN)
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GFRP Reinforcement Ratio (%)

2.5

Figure 5-30 Effect of Concrete Strength and GFRP Reinforcement Ratio on Load
Carrying Capacity
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Figure 5-31 Effect of Concrete Strength and GFRP Reinforcement Ratio on MidSpan Deflection
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Post-Cracking Bending Stiffness
𝑬𝒄 𝑰𝒆 (𝐤𝐍𝐦𝟐 )
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Figure 5-32 Effect of Concrete Strength and GFRP Reinforcement Ratio on PostCracking Bending Stiffness

Table 5-23 Effect of Change in Concrete Strength on Experimental Parameters
Concrete Strength, 𝟗𝟓. 𝟐 𝐌𝐏𝐚 → 𝟏𝟏𝟔 𝐌𝐏𝐚
Peak 1

GFRP
Reinforcement

Mid-Span

Ratio

Deflection (mm)

Load

Post-Cracking

Carrying

Bending

Capacity (kN)

Stiffness (kNm2)

𝝆𝒇 = 𝟎. 𝟓%

5% Decrease

8% Increase

12% Increase

𝝆𝒇 = 𝟏. 𝟎%

17% Increase

27% Increase

10% Increase

𝝆𝒇 = 𝟐. 𝟎%

10% Increase

13% Increase

0.07% Decrease
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Table 5-24 Effect of GFRP Reinforcement Ratio with High Strength Concrete on
Experimental Parameters
High Strength Concrete (95.2 MPa)
Peak 1
Change in GFRP
Mid-Span

Reinforcement Ratio

Deflection (mm)

Load

Post-Cracking

Carrying

Bending

Capacity (kN)

Stiffness (kNm2)

𝝆𝒇 = 𝟎. 𝟓% → 𝟏. 𝟎%

23% Decrease

120% Increase

231% Increase

𝝆𝒇 = 𝟎. 𝟓% → 𝟐. 𝟎%

29% Decrease

207% Increase

434% Increase

𝝆𝒇 = 𝟏. 𝟎% → 𝟐. 𝟎%

7% Decrease

40% Increase

61% Increase

Table 5-25 Effect of GFRP Reinforcement Ratio with High Strength Concrete on
Experimental Parameters
High Strength Concrete (116 MPa)
Peak 1
Change in GFRP
Reinforcement Ratio

Mid-Span
Deflection (mm)

Load

Post-Cracking

Carrying

Bending

Capacity (kN)

Stiffness (kNm2)

𝝆𝒇 = 𝟎. 𝟓% → 𝟏. 𝟎%

5% Decrease

158% Increase

224% Increase

𝝆𝒇 = 𝟎. 𝟓% → 𝟐. 𝟎%

17% Decrease

222% Increase

377% Increase

𝝆𝒇 = 𝟏. 𝟎% → 𝟐. 𝟎%

12% Decrease

25% Increase

47% Increase

5.3.1.2 Validation of FRP Design Recommendations for Ultimate Capacity
For series II, the FRP design recommendations ACI (2015) and CSA (2012) for
calculation of nominal load carrying, 𝑃𝑛 , were validated and compared using
experimental results for load carrying capacity at peak 1 (𝑃𝑢 ) for the GFRP RC
beams under static loading. Nominal bending moment and load carrying capacities
were calculated based on the preliminary material testing results, similar to that done
for series I GFRP RC beams as reported in Table 5-26.
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Table 5-26 Nominal Capacities of GFRP RC beams (Series II)
(ACI 2015)

(CSA 2012)

𝑴𝒏

𝑷𝒏

𝑴𝒏

𝑷𝒏

(𝐤𝐍. 𝐦)

(𝐤𝐍)

(𝐤𝐍. 𝐦)

(𝐤𝐍)

80II-#2S-0.5-S

5.7

11.4

5.6

11.2

80II-#3HM-1.0-S

13.6

27.2

13.9

27.8

80II-#4HM-2.0-S

16.0

32.1

16.3

32.6

120II-#2S-0.5-S

5.7

11.4

5.6

11.2

120II-#3HM-1.0-S

15.2

30.5

14.6

29.2

120II-#4HM-2.0-S

18.0

36.0

17.2

34.4

GFRP RC Beam

Overall, the FRP design recommendations provided relatively conservative results
compared to experimental results, with a mean reading of 𝑃𝑛 ⁄𝑃𝑢 = 0.73 for both
ACI (2015) and CSA (2012) That is, the FRP design recommendations, on average
under-predicted load by 36%. Regardless of the failure mode (that is concrete
crushing or GFRP rupture), the experimental load was shown to be higher to that of
the nominal load carrying capacity for all GFRP RC beams. The results are
dissimilar to that of series I, for a reinforcement ratio of 𝜌𝑓 = 0.5%. As mentioned in
series I, ACI (2015) and CSA (2012) over-predicted experimental load by an average
of 16% and 15%, respectively. However for GFRP RC beam 80II-#2S-0.5-S,
designed as under-reinforced, ACI (2015) and CSA (2012) under-predicted load by
32% and 33%, respectively. Similar for GFRP RC beam 120II-#2S-0.5-S, load was
under-predicted by 43% and 45%, according to ACI (2012) and CSA (2012),
respectively.

In terms of GFRP reinforcement ratio, it was found that the most conservative results
occurred at the highest reinforcement ratio (𝜌𝑓 = 2.0%). For 𝜌𝑓 = 2.0%, an average
of 𝑃𝑛 ⁄𝑃𝑢 = 0.70 (under-prediction by 43%) and 𝑃𝑛 ⁄𝑃𝑢 = 0.69 (under-prediction by
45%) was calculated for ACI (2015) and CSA (2012), respectively. For 𝜌𝑓 = 0.5%
ACI (2015) under-predicted deflection by a mean of 37%, with the least conservative
results coming for a reinforcement ratio of 𝜌𝑓 = 1.0%, under-prediction of 28%,
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respectively. Similarly, CSA (2012) under-predicted load by 39% for 𝜌𝑓 = 0.5% and
30% for 𝜌𝑓 = 1.0%. Table 5-28 and Figure 5-33 reports and graphically shows the
relationship between nominal load carrying capacity from the FRP design
recommendations and experimental load in terms of reinforcement ratio,
respectively.

In terms of concrete strength, it was shown that the higher the concrete strength (116
MPa), the more conservative the nominal load carrying capacity compared to
experimental load for both ACI (2015) and CSA (2012). According to ACI (2015),
for

concrete

strength

of

116

MPa,

a

mean

value

of

𝑃𝑛 ⁄𝑃𝑢 = 0.71 was calculated (under-prediction of 41%), compared to 𝑃𝑛 ⁄𝑃𝑢 = 0.76
for concrete strength of 95.2 MPa (under-prediction of 32%). Similarly, according to
CSA (2012), for concrete strength of 116 MPa, an average of nominal load to
experimental load of 𝑃𝑛 ⁄𝑃𝑢 = 0.68 was obtained, indicating an under-prediction of
47%, compared to 30% for concrete strength of 95.2 MPa. Table 5-29 and Figure
5-34 reports and shows the relationship between nominal load carrying capacity from
the FRP design recommendations and experimental load in terms of concrete
strength, respectively.

Table 5-27 Comparison of Predicted and Experimental Load at Peak 1
Experimental
GFRP RC Beam

𝑷𝒏 ⁄𝑷𝒖

Load, 𝑷𝒖 (kN)
(Peak 1)

(ACI 2015)

(CSA 2012)

80II-#2S-0.5-S

15.0

0.76

0.75

80II-#3HM-1.0-S

33.0

0.82

0.84

80II-#4HM-2.0-S

46.1

0.70

0.71

120II-#2S-0.5-S

16.2

0.70

0.69

120II-#3HM-1.0-S

41.8

0.73

0.70

120II-#4HM-2.0-S

52.2

0.69

0.66

0.73

0.73

Mean
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Table 5-28 Predicted and Experimental Load based on GFRP Reinforcement Ratio
GFRP RC Beam
80II-#2S-0.5-S

𝝆𝒇

Mean 𝑷𝒏 ⁄𝑷𝒖

(%)

(ACI 2015)

(CSA 2012)

0.5

0.73

0.72

1.0

0.78

0.77

2.0

0.70

0.69

120II-#2S-0.5-S
80II-#3HM-1.0-S
120II-#3HM-1.0-S
80II-#4HM-2.0-S
120II-#4HM-2.0-S

1
0.9
0.8
0.7

𝑷𝒏 /𝑷𝒖

0.6
0.5
Reinforcement Ratio 0.5% (ACI 2015)
Reinforcement Ratio 0.5% (CSA 2012)
Reinforcement Ratio 1.0% (ACI 2015)
Reinforcement Ratio 1.0% (CSA 2012)
Reinforcement Ratio 2.0% (ACI 2015)
Reinforcement Ratio 2.0% (CSA 2012)

0.4
0.3
0.2
0.1
0
0

0.5
1
1.5
2
GFRP Reinforcement Ratio (%)

2.5

Figure 5-33 Relationship between 𝑃𝑛 ⁄𝑃𝑢 and GFRP Reinforcement Ratio
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Table 5-29 Relationship between 𝑃𝑛 ⁄𝑃𝑢 and Concrete Strength
GFRP RC Beam

Mean 𝑷𝒏 ⁄𝑷𝒖
(ACI 2015)

(CSA 2012)

0.76

0.77

0.71

0.68

80II-#2S-0.5-S
80II-#3HM-1.0-S
80II-#4HM-2.0-S
120II-#2S-0.5-S
120II-#3HM-1.0-S
120II-#4HM-2.0-S

1
0.9
0.8
0.7

𝑷𝒏 /𝑷𝒖

0.6
0.5

High Strength Concrete, 95.2 MPa (ACI 2015)

0.4

High Strength Concrete, 95.2 MPa (CSA 2012)
0.3
High Strength Concrete, 116.6 MPa (ACI 2015)
0.2
High Strength Concrete, 116.6 MPa (CSA 2012)
0.1
0
0

20

40
60
80
100
Concrete Strength (MPa)

120

140

Figure 5-34 Relationship between 𝑃𝑛 ⁄𝑃𝑢 and Concrete Strength
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5.3.1.3 Validation of Existing Models for Mid-Span Deflection
As previously analysed in series I, the experimental load-deflection behaviour of the
GFRP RC beams under static loading in series II were compared with the existing
models available for calculation of effective moment of inertia. For three-point
bending, the empirical formula, ∆= 𝑃𝐿3 /48𝐸𝑐 𝐼𝑒 was used for calculation of
predicted deflection for comparative analysis with experimental deflection. Table
5-30 reports the predicted deflection with the experimental deflection, at load
carrying capacity (peak 1) using the existing models for calculation of effective
moment of inertia.

At peak 1 load carrying capacity, predicted deflections were shown to be relatively
accurate in comparison to experimental deflections. Besides the model provided in
Geztlaf (2012), predicted deflections were shown to be un-conservative. The model
provided by ACI (2015) showed to under-predict deflection by an average of 22%.
However the model for effective moment of inertia did not sit well for the GFRP RC
beams with 𝜌𝑓 = 0.5%. For GFRP RC beam 80II-#2S-0.5-S, ∆𝑝𝑟𝑒𝑑 ⁄∆𝑒𝑥𝑝 = 0.7 and
for GFRP RC beam 120II-#2S-0.5-S, ∆𝑝𝑟𝑒𝑑 ⁄∆𝑒𝑥𝑝 = 0.73. Models provided by
Toutanji and Saafi (2000) and Yost et al. (2003) under-predicted deflection by an
average of 15%. The model used in the study conducted by Al-Sunna et al. (2005)
showed to be very accurate for this set of GFRP RC beams. On average, predicted
deflection was underestimated by an average of 3% (∆𝑝𝑟𝑒𝑑 ⁄∆𝑒𝑥𝑝 = 0.97). The model
by Getzlaf (2012) showed the most and only conservative results at peak 1,
displaying a ratio of predicted deflection to experimental deflection to be greater than
1, that is ∆𝑝𝑟𝑒𝑑 ⁄∆𝑒𝑥𝑝 = 1.09, indicating an over-prediction by 9%. A graphical
representation of the predicted load-deflections curves in comparison to experimental
load-deflection can be seen in Figure 5-35, Figure 5-36, Figure 5-37, Figure 5-38,
Figure 5-39 and Figure 5-40 for GFRP RC beams 80II-#2S-0.5-S, 80II-#3HM-1.0-S,
80II-#4HM-2.0-S,

120II-#2S-0.5-S,

120II-#3HM-1.0-S

and

120II-#4HM-2.0-S,

respectively. Table 5-30 reports the overall accuracy in order (under- or overprediction) of the existing models.

308

Chapter 5: Discussion of Experimental Results

Table 5-30 Comparison of Predicted and Experimental Deflections at Peak 1 Load
∆𝒑𝒓𝒆𝒅 ⁄∆𝒆𝒙𝒑
(Toutanji

(Al-

and Saafi

Sunna et

2000)

al. 2005)

1.00

0.82

0.90

0.78

0.82

1.05

0.84

0.96

0.86

80II-#4HM-2.0-S

0.88

1.12

0.89

1.00

0.90

120II-#2S-0.5-S

0.73

1.07

0.84

0.93

0.80

120II-#3HM-1.0-S

0.89

1.14

0.90

1.03

0.93

120II-#4HM-2.0-S

0.89

1.14

0.91

1.02

0.92

Mean

0.82

1.09

0.87

0.97

0.87

GFRP RC Beam

(ACI

(Getzlaf

2015)

2012)

80II-#2S-0.5-S

0.70

80II-#3HM-1.0-S

(Yost et
al. 2003)

Table 5-31 Validation of Existing Models for Deflection
Mean
Existing Model

∆𝒑𝒓𝒆𝒅 ⁄∆𝒆𝒙𝒑

Under/Over-Predict (%)

1. (Getzlaf 2012)

1.09

Over-Predict by 9%

2. (Al-Sunna et al. 2005)

0.97

Under-Predict by 3%

3. (Yost et al. 2003)

0.87

Under-Predict by 15%

4. (Toutanji and Saafi 2000)

0.87

Under-Predict by 15%

5. (ACI 2015)

0.82

Under-Predict by 22%
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Figure 5-35 Comparative Analysis of Experimental and Predicted Load-Deflection
Behaviour of GFRP RC Beam 80II-#2S-0.5-S
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Figure 5-36 Comparative Analysis of Experimental and Predicted Load-Deflection
Behaviour of GFRP RC Beam 80II-#3HM-1.0-S
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Figure 5-37 Comparative Analysis of Experimental and Predicted Load-Deflection
Behaviour of GFRP RC Beam 80II-#4HM-2.0-S
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Figure 5-38 Comparative Analysis of Experimental and Predicted Load-Deflection
Behaviour of GFRP RC Beam 120II-#2S-0.5-S
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Figure 5-39 Comparative Analysis of Experimental and Predicted Load-Deflection
Behaviour of GFRP RC Beam 120II-#3HM-1.0-S
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Figure 5-40 Comparative Analysis of Experimental and Predicted Load-Deflection
Behaviour of GFRP RC Beam 120II-#4HM-2.0-S
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5.3.1.4 Response 2000 Analysis
Table 5-32 reports the results obtained from Response 2000 for the GFRP RC beams
subjected to static loading including nominal load and moment capacities, predicted
deflection and level of strain in the concrete and GFRP reinforcement bars. Results
from Response 2000 were determined based on preliminary material testing. Table
5-33 compares the experimental load with the nominal obtained from Response
2000. Overall, it is clear that the software program has conservatively determined
nominal load in comparison to experimental load for all GFRP RC beams, regardless
of the reinforcement ratio or concrete strength. An average of 𝑃𝑛 ⁄𝑃𝑢 = 0.79 was
determined, indicating a conservative result, with a mean under-prediction of load by
27%.

By analysing the results in terms of concrete strength and reinforcement ratio, as
reported in Table 5-33, predicted load was shown to be conservative for both of the
variables compared to experimental load. In terms of concrete strength, as the
concrete strength increased, nominal to experimental load became more
conservative. For 95.2 MPa concrete, a mean reading of 𝑃𝑛 ⁄𝑃𝑢 = 0.83 was obtained,
indicating an under-prediction of load by 20%, compared to 𝑃𝑛 ⁄𝑃𝑢 = 0.76 for 116
MPa concrete (under-prediction of load by 32%). In terms of reinforcement ratio, the
most conservative results were shown for both 𝜌𝑓 = 0.5% and 𝜌𝑓 = 2.0%. For these
two reinforcement ratios, 𝑃𝑛 ⁄𝑃𝑢 = 0.76, indicating Response 2000 on average underpredicting load by 32%. However, for 𝜌𝑓 = 1.0%, nominal to experimental loads
were shown to be the most accurate with an average of 𝑃𝑛 ⁄𝑃𝑢 = 0.87 obtained,
indicating an under-prediction of load by 15%.
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Table 5-32 Response 2000 Analysis of GFRP RC Beams under Static Loading
𝑴𝒏

𝑷𝒏

∆𝒑𝒓𝒆𝒅

(𝐤𝐍. 𝐦)

(𝐤𝐍)

(𝐦𝐦)

80II-#2S-0.5-S

5.9

11.8

80II-#3HM-1.0-S

14.5

80II-#4HM-2.0-S

𝜺𝒇𝒓𝒑

𝜺𝒇𝒓𝒑𝒖

(%)

(%)

0.0021

N/A

1.96

0.003

N/A

1.4

N/A

42.9

0.003

N/A

1.1

N/A

11.8

46.1

N/A

0.002

N/A

1.96

16.2

33.2

57.1

0.003

N/A

1.6

N/A

19.2

39.2

47.3

0.003

N/A

1.3

N/A

𝜺𝒄𝒖

𝜺𝒄

47.0

N/A

31.2

63.1

17.2

35.2

120II-#2S-0.5-S

5.9

120II-#3HM-1.0-S
120II-#4HM-2.0-S

GFRP RC Beam

Table 5-33 Predicted Load from Response 2000 and Experimental Load at Peak 1
Experimental Load at

Response 2000

Peak 1, 𝑷𝒖 (𝐤𝐍)

Load, 𝑷𝒏 (𝐤𝐍)

80II-#2S-0.5-S

15.0

11.8

0.79

80II-#3HM-1.0-S

33.0

31.2

0.95

80II-#4HM-2.0-S

46.1

35.2

0.76

120II-#2S-0.5-S

16.2

11.8

0.73

120II-#3HM-1.0-S

41.8

33.2

0.79

120II-#4HM-2.0-S

52.2

39.2

0.75

GFRP RC Beam

Mean

𝑷𝒏 ⁄𝑷𝒖

0.79
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Table 5-34 Predicted and Experimental Load based on Reinforcement Ratio and
Concrete Strength for Response 2000 Analysis
Response 2000
GFRP RC Beam

Mean 𝑷𝒏 ⁄𝑷𝒖
(Concrete Strength)

80II-#2S-0.5-S
80II-#3HM-1.0-S

GFRP RC Beam
80II-#2S-0.5-S

0.83

80II-#3HM-1.0-S

120II-#2S-0.5-S

120II-#3HM-1.0-S
0.76

120II-#4HM-2.0-S

(𝝆𝒇 )
0.76

120II-#2S-0.5-S

80II-#4HM-2.0-S

120II-#3HM-1.0-S

Mean 𝑷𝒏 ⁄𝑷𝒖

80II-#4HM-2.0-S

0.87

0.76

120II-#4HM-2.0-S

Table 5-35 reports experimental deflection at peak 1 with deflection obtained from
Response 2000. As it was previously discussed that nominal load carrying capacity
was conservative compared to experimental load, predicted mid-span deflections
were also shown to be conservative, with an overall mean of ∆𝒑𝒓𝒆𝒅 ⁄∆𝒆𝒙𝒑 = 0.74
obtained. For a reinforcement ratio of 𝜌𝑓 = 0.5%, a mean value of ∆𝒑𝒓𝒆𝒅 ⁄∆𝒆𝒙𝒑 =
0.58 was obtained, indicating the program significantly under-predicted deflection
by 72% for the lowest reinforcement ratio as reported in Table 5-36. However, as the
reinforcement ratio increased, predicted deflection improved, with the highest
accurate results coming for a reinforcement ratio of 𝜌𝑓 = 1.0%, that is
∆𝑝𝑟𝑒𝑑 ⁄∆𝑒𝑥𝑝 = 0.90, only under-predicting deflection by 11%. GFRP RC beam 80II#3HM-1.0-S provided the most accurate results, with a mean reading of predicted to
experimental deflection of 1.01. For 𝜌𝑓 = 2.0%, an average of ∆𝒑𝒓𝒆𝒅 ⁄∆𝒆𝒙𝒑 = 0.74
was calculated. Also, reported in Table 5-36, in terms of concrete strength, higher
conservative results were noticed for 116 MPa concrete (∆𝒑𝒓𝒆𝒅 ⁄∆𝒆𝒙𝒑 = 0.70),
compared to ∆𝒑𝒓𝒆𝒅 ⁄∆𝒆𝒙𝒑 = 0.77 for 95.2 MPa concrete, that is an under-prediction
of deflection by 43% and 30%, respectively.
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Table 5-35 Comparison of Response 2000 and Mid-Span Deflection at Peak 1
Response 2000

Experimental Mid-

Mid-Span

Span Deflection at

GFRP RC Beam

Deflection,

Peak 1, ∆𝒆𝒙𝒑 (𝐦𝐦)

∆𝒑𝒓𝒆𝒅 ⁄∆𝒆𝒙𝒑

∆𝒑𝒓𝒆𝒅 (𝐦𝐦)

80II-#2S-0.5-S

81.8

47.0

0.57

80II-#3HM-1.0-S

62.6

63.1

1.01

80II-#4HM-2.0-S

58.3

42.9

0.74

120II-#2S-0.5-S

77.5

46.1

0.59

120II-#3HM-1.0-S

73.3

57.1

0.78

120II-#4HM-2.0-S

64.3

47.3

0.74
0.74

Mean

Table 5-36 Predicted and Experimental Deflection based on GFRP Reinforcement
Ratio and Concrete Strength for Response 2000 Analysis
Response 2000

GFRP RC Beam

Mean ∆𝒑𝒓𝒆𝒅 ⁄∆𝒆𝒙𝒑

Mean
GFRP RC Beam

(Concrete Strength)
80II-#2S-0.5-S
80II-#3HM-1.0-S

(𝝆𝒇 )
80II-#2S-0.5-S

0.77

0.58
120II-#2S-0.5-S

80II-#4HM-2.0-S

80II-#3HM-1.0-S

120II-#2S-0.5-S

120II-#3HM-1.0-S

120II-#3HM-1.0-S

∆𝒑𝒓𝒆𝒅 ⁄∆𝒆𝒙𝒑

0.70

0.90

80II-#4HM-2.0-S
0.74

120II-#4HM-2.0-S

120II-#4HM-2.0-S

Overall, for series II GFRP RC beams, the analytical software program was shown to
be an effective and useful tool, which can be adopted over the FRP design
recommendations in determining the nominal load carrying capacity of GFRP RC
beams, with a relatively degree of accuracy. However, in terms deflection, Response
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2000 did not provide accurate data for the low reinforcement ratio (𝜌𝑓 = 0.5%), with
the higher accuracy coming for higher reinforcement ratios 𝜌𝑓 = 1.0% and 𝜌𝑓 =
2.0%. A comparison between experimental and predicted load-deflection from
Response 2000 for GFRP RC beams in series II is shown from Figure 5-41 to Figure
5-46.
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Figure 5-41 Comparative Analysis of Experimental and Response 2000 LoadDeflection Behaviour of GFRP RC Beam 80II-#2S-0.5-S
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Figure 5-42 Comparative Analysis of Experimental and Response 2000 LoadDeflection Behaviour of GFRP RC Beam 80II-#3HM-1.0-S
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Figure 5-43 Comparative Analysis of Experimental and Response 2000 LoadDeflection Behaviour of GFRP RC Beam 80II-#4HM-2.0-S
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Figure 5-44 Comparative Analysis of Experimental and Response 2000 LoadDeflection Behaviour of GFRP RC Beam 120II-#2S-0.5-S
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Figure 5-45 Comparative Analysis of Experimental and Response 2000 LoadDeflection Behaviour of GFRP RC Beam 120II-#3HM-1.0-S
319

Chapter 5: Discussion of Experimental Results

60
50

Load (kN)

40
30
Experimental

20

Response 2000
10
0
0

20

40
Deflection (mm)

60

80

Figure 5-46 Comparative Analysis of Experimental and Response 2000 LoadDeflection Behaviour of GFRP RC Beam 120II-#4HM-2.0-S

5.3.2

GFRP RC Beams under Impact Loading

5.3.2.1 Effect of Impact Energy
Figure 5-47 shows the effect of increasing impact energy on dynamic mid-span
deflection for the GFRP RC beams under impact loading. For 𝜌𝑓 = 1.0%, the GFRP
RC beams were subjected to impact energies of 2029 J, 3043 J and 4057 J and for
𝜌𝑓 = 2.0%, impact energies of 3189 J, 4783 J and 6377 J were applied. Irrespective
of reinforcement ratio, an increase in impact energy increased dynamic mid-span
deflection. However one noticeable trend was that a significant increase in dynamic
mid-span deflection was observed from a low level of impact energy to a higher
amount of impact energy. For a reinforcement ratio of 𝜌𝑓 = 1.0%, increasing impact
energy by 50% (from 2029 J to 3043 J), dynamic mid-span deflection increased by
25%, from 75 mm to 93.4 mm. Whereas for a change in impact energy from 2029 J
to 4057 J (100% increase), dynamic mid-span deflection increased significantly, by
126%. Similarly, an 82% increase in dynamic mid-span deflection was observed,
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from 93.4 mm to 170 mm, when impact energy increased from 3043 J to 4057 J. A
similar trend was evident for the GFRP RC beams with 𝜌𝑓 = 2.0%. For an increase
in impact energy of 50% (from 3189 J to 4783 J), 100% (from 3189 J to 6377 J) and
33% (from 4783 J to 6377 J), dynamic mid-span deflection increased by 84%, 254%
and 93%, respectively.

Dynamic Mid-Span Deflection (mm)
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50

GFRP RC Beams with ρf = 2.0%
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Figure 5-47 Effect of Impact Energy on Dynamic Mid-Span Deflection

Figure 5-48 shows the effect of increasing impact energy on maximum dynamic
strain of the GFRP RC beams under impact loading. For 𝜌𝑓 = 1.0%, increasing
impact energy showed to increase maximum dynamic strain, linearly. By increasing
impact energy by 50%, maximum dynamic strain increased by 15%, from 2.0% to
2.3%. Similarly, increasing impact energy by 100% (from 2029 J to 4057 J) and 33%
(from 3043 J to 4057 J), maximum dynamic strain increased by 30% (from 2% to
2.6%) and 13% (from 2.3% to 2.6%), respectively. At an impact energy of 4057 J,
maximum value of dynamic strain recorded was 2.6%, 22% lower than the mean
rupture strain obtained from preliminary testing of 3.18%. At this energy absorption
capacity, under static loading, signs of splitting and rupture of GFRP reinforcement
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fibres were evident. However, rupture of the GFRP reinforcement bars was not
evident after being subjected to this impact energy, only small signs of splitting of
fibres. Thus this illustrates the GFRP RC beam could potentially sustain higher levels
of impact before total rupture of the GFRP reinforcement bars.
For the GFRP RC beams with 𝜌𝑓 = 2.0%, increasing impact energy by 50%, 100%
and 33%, showed to increase maximum dynamic strain considerably more, as
opposed to 𝜌𝑓 = 1.0%, by 18%, 76% and 50%, respectively. Initial increase in
dynamic strain was observed to be linear before and significant increase in dynamic
strain (from an impact energy of 4783 J to 6377 J). Again, at 100% impact energy,
maximum dynamic strain was approximated to be 3%, 10% lower than from
preliminary material testing (3.30%). This is illustrated by no signs of splitting or
rupture of GFRP reinforcement fibres, since the GFRP reinforcement bars hadn’t
reached their rupture strain.
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Figure 5-48 Effect of Impact Energy on Maximum Dynamic Strain
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Figure 5-49 shows the effect of impact energy on the dynamic bending resistance of
the GFRP RC beams. For a clear and reliable analysis, it would be recommended to
have at least three points to understand the relationship more accuraelty between
these variables. However, the data obatined was inconclusive to establish the
dynamic bending resistance for the two GFRP RC which were subjcted to the highest
amount of impact energy in two different reinforcement ratio categories, that is
𝜌𝑓 = 1.0% and 𝜌𝑓 = 2.0%. Thus a relationship between dynamic benidng resistance
and impact energy is only avaliable for four of the six GFRP RC beams subjected to
impact loading. For the GFRP RC beams, the results depict and increase in dynmaic
bending resiatance and impact energy increase, regardless of reinforcemenr ratio. For
the GFRP RC beams with 𝜌𝑓 = 1.0%, increasing impact energy by 50%, dynamic
bending resistance increased 9%. Similarly, an 18% increase in dynamic bending
resistance for the GFRP RC beams with 𝜌𝑓 = 2.0%, when the impact energy
increased from 3189 J to 4783 J (50% increase).
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Figure 5-49 Effect of Impact Energy on Dynamic Bending Resistance
323

Chapter 5: Discussion of Experimental Results

5.3.2.2 Dynamic Amplification Factor Design
Similar to series I, a dynamic amplification factor was obtained for series II GFRP
RC beams. However, for series II, support reaction forces were not recorded and thus
calculating dynamic moment capacity from Equation (5-6), 𝑅1 (𝑡) was assumed as
half the impact force, that is 𝑅1 (𝑡) = 𝐼(𝑡)/2. Thus simplifying equation, Equation
(5-6), 𝑀𝑑 = 𝐼(𝑡)/2, where 𝐿 = 2. Static moment capacities (𝑀𝑢 = 𝑃𝑢 𝐿/6were
calculated based on energy absorption capacity. That is for GFRP RC beam 120 II#3HM-1.0-S, at 50%, 75% and 100% energy absorption capacity, static moment
capacities were measured as 21 kNm, 23 kNm and 23 kNm, respectively. For GFRP
RC beam 120II-#4HM-2.0-S, at 50%, 75% and 100% energy absorption capacity,
static moment capacities were measured as 30 kNm, 32 kNm and 35 kNm,
respectively. Table 5-37 reports the capacities of the GFRP RC beams under static
and impact loading. Overall, an average of static moment capacity to dynamic
moment capacity was calculated as 1.17. An average of 17% higher capacities under
dynamic loading was obtained, similar to that of series I (DAF = 1.15), indicating
higher reserve capacity for the GFRP RC beams under impact loading as opposed to
static testing. However, DAF could not be obtained for GFRP RC beams 120 II#3HM-1.0-I-0.710 and 120II-#4HM-2.0-I-1.1 since they totally collapsed, and thus
dynamic moment capacity was unable to be calculated. A time history of dynamic
moment capacity for GFRP RC beam 120II-#4HM-2.0-I-0.825 is shown in Figure
5-50.
Table 5-37 Dynamic Amplification Factor (Series II)
GFRP RC Beam

𝑴𝒔𝒕𝒂𝒕𝒊𝒄 (𝐤𝐍𝐦) 𝑴𝒅 (𝐤𝐍𝐦)

𝐃𝐀𝐅

120II-#3HM-1.0-I-0.355

21

25

1.19

120II-#3HM-1.0-I-0.533

23

27

1.17

120II-#3HM-1.0-I-0.710

23

*

*

120II-#4HM-2.0-I-0.550

30

33

1.10

120II-#4HM-2.0-I-0.825

32

39

1.22

120II-#4HM-2.0-I-1.1

35

*

*

Mean

1.17
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* DAF could not be calculated since GFRP RC beams totally collapsed under impact
loading and dynamic load-time history response was inconclusive
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Figure 5-50 Dynamic Moment -Time History for GFRP RC Beam 120II-#4HM-2.0-I0.825 under Impact Loading
5.3.3

Static versus Impact Loading

5.3.3.1 Comparative Analysis of Failure Modes and Deflection under Static and
Impact Loading
Experimental investigation has shown that failure modes under static and impact
loading are quite different. Thus, an analysis of comparing the differences in
deflections under static and impact loading would not provide any reasonable
outcomes, due to the significant differences in the overall general behaviour. Thus,
failure modes and behaviour including crack patterns were compared in terms of
mid-span deflection under static and impact loading. Also, this analysis was
conducted, and not performed for series I GFRP RC beams because in series II, all
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GFRP RC beams were subjected to the same loading configuration, that is three
point bending and thus energy absorption capacities were similar.

For GFRP RC beams 120II-#3HM-1.0-S and 120II-#4HM-2.0-S, at an energy
absorption capacity of 50%, mid-span deflection was measured as 82 mm and 89
mm, respectively. At this deflection, the overall general behaviour of the GFRP RC
beams displayed signs of concrete crushing of the cover with predominately flexural
cracks and a few flexural shear-cracks propagating from the tensile region
throughout the span of the beam. This type of behaviour was also observed for the
identical GFRP RC beams under impact loading, subjected to heights of 355 mm
(GFRP RC beam 120II-#3HM-1.0-I-0.355) and 550 mm (GFRP RC beam 120II#4HM-2.0-I-0.550). Minor concrete crushing of the cover with flexural and flexuralshear cracks forming from the tensile area was observed. At these drop hammer
heights, deflections were measured as 75 mm and 73 mm, for GFRP RC beams
120II-#3HM-1.0-I-0.355 and 120II-#4HM-2.0-I-0.550, respectively. Since it’s
difficult to fully establish the accuracy of dynamic mid-span deflections, it is clear
that at the smallest energy absorption capacities of the GFRP RC beams (that is
𝐸𝑎𝑏𝑠 = 50%), regardless of static or impact loading, failure modes were similar,
resulting in relatively similar mid-span deflections.

At higher energy absorption capacities (75% energy absorption capacity), it was
observed that failure modes and crack propagation had similar and distinctive
differences under static and impact loading. For GFRP RC beam 120II-#3HM-1.0-S,
at 75% energy absorption capacity, the overall failure was predominately flexural
critical with flexural-shear cracks and concrete crushing of cover on both sides of the
load cell. Also, a similar behaviour was shown for GFRP RC beam 120 II-#3HM-1.0I-0.533, with the main differences being more localised concrete crushing around the
impact zone and rupture of the tensile concrete cover, resulting in exposure of the
tensile GFRP reinforcement bars. Overall, behaviour was noticed to be alike and due
to the similarities in failure modes, measured deflections were similar. For GFRP RC
beams 120II-#3HM-1.0-S, at 75% 𝐸𝑎𝑏𝑠 , deflection was measured as 106 mm,
compared to 93 mm under impact loading for GFRP RC beam 120 II-#3HM-1.0-I326
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0.533. However, failure modes for GFRP RC beam 120II-#4HM-2.0-S, at 75% 𝐸𝑎𝑏𝑠
and GFRP RC beam 120II-#4HM-2.0-I-0.825 were very distinctive. GFRP RC beam
120II-#4HM-2.0-S at 75% 𝐸𝑎𝑏𝑠 exhibited a flexural failure with concrete crushing on
the top surface as opposed to GFRP RC beam 120II-#4HM-2.0-I-0.825 where failure
was defined as a dynamic punching failure with localised concrete crushing of the
cover, exposing the compressive GFRP reinforcement bars, with rupture of tensile
concrete cover, causing cracks to widen, with the addition of minor inclined shear
cracking around the impact zone. None of this behaviour was observed for GFRP RC
beam 120II-#4HM-2.0-S at 75% 𝐸𝑎𝑏𝑠 , except for the concrete crushing of the cover.
As a result of the differences in failure modes, the failure mode developed by GFRP
RC beam 120II-#4HM-2.0-I-0.825 displayed a higher mid-span deflection, 139 mm,
compared to 116 mm for GFRP RC beam 120II-#4HM-2.0-S at 75% 𝐸𝑎𝑏𝑠 .
At 100% impact energy (GFRP RC Beam 120II-#3HM-1.0-I-0.710 and GFRP RC
Beam 120II-#4HM-2.0-I-1.1), failure was described as a dynamic punching failure,
with damage centralised around the impact zone, with severe rupture of the tensile
concrete cover and crushing of concrete cover on the top surface. Very few cracks
developed along the span of the beam, with these cracks predominately inclined
shear cracks around the impact zone. Permanent deformation was also evident after
the removal of the drop hammer. This caused the GFRP RC beams to have dynamic
mid-span deflections of 175 mm for GFRP RC beam 120II-#3HM-1.0-I-0.710 and
250 mm for GFRP RC Beam 120II-#4HM-2.0-I-1.1. Under static loading, at 100%
𝐸𝑎𝑏𝑠 , flexural cracks and flexural-shear cracks were evident along the span of the
GFRP RC beams, with concrete crushing of the cover and rupture of the tensile
concrete cover. This type of failure mode resulted in deflections of 128 mm and 140
mm for GFRP RC beam 120II-#3HM-1.0-S and GFRP RC Beam 120II-#4HM-2.0-S,
respectively.

A summary of the mid-span deflections under both static and impact loading at
different energy absorption capacities are reported in Table 5-38 and Table 5-39 for
the GFRP RC beams with 𝜌𝑓 = 1.0% and 𝑓′𝑐 = 120 MPa and with 𝜌𝑓 = 2.0% and
𝑓′𝑐 = 120 MPa, respectively. Figure 5-51 and Figure 5-52 show the differences in
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crack pattern and failure mode at different energy absorption capacities under static
and impact loading for the GFRP RC Beams with 𝜌𝑓 = 1.0% and 𝑓′𝑐 = 120 MPa
and with 𝜌𝑓 = 2.0% and 𝑓′𝑐 = 120 MPa, respectively.
Table 5-38 Static and Impact Loading Deflections for GFRP RC Beams with
𝜌𝑓 = 1.0% and 𝑓′𝑐 = 120 MPa
GFRP RC Beams with 𝝆𝒇 = 𝟏. 𝟎%

∆ (𝐦𝐦)
Static

Impact

Loading

Loading

At 50% 𝑬𝒂𝒃𝒔

82

75

At 75% 𝑬𝒂𝒃𝒔

106

93

At 100% 𝑬𝒂𝒃𝒔

128

175

and 𝒇′𝒄 = 𝟏𝟐𝟎 𝐌𝐏𝐚

Table 5-39 Static and Impact Loading Deflections for GFRP RC Beams with
𝜌𝑓 = 2.0% and 𝑓′𝑐 = 120 MPa
GFRP RC Beams with 𝝆𝒇 = 𝟐. 𝟎%

∆ (𝐦𝐦)
Static

Impact

Loading

Loading

At 50% 𝑬𝒂𝒃𝒔

89

73

At 75% 𝑬𝒂𝒃𝒔

116

139

At 100% 𝑬𝒂𝒃𝒔

140

250

and 𝒇′𝒄 = 𝟏𝟐𝟎 𝐌𝐏𝐚

Static Loading

Impact Loading

(a) At 50% Energy Absorption (J)
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(b) At 75% Energy Absorption (J)

(c) At 100% Energy Absorption (J)
Figure 5-51 Comparison of Failure Modes under Static and Impact Loading for
GFRP RC beams with 𝜌𝑓 = 1.0% and 𝑓′𝑐 = 120 MPa

Static Loading

Impact Loading

(a) At 50% Energy Absorption (J)
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(b) At 75% Energy Absorption (J)

(c) At 100% Energy Absorption (J)
Figure 5-52 Comparison of Failure Modes under Static and Impact Loading for
GFRP RC beams with 𝜌𝑓 = 2.0% and 𝑓′𝑐 = 120 MPa

5.4

Summary

This chapter has discussed in detail the findings and results from experimental
testing of the GFRP RC beams under static and impact loading. Numerous variables
including reinforcement ratio, concrete strength and impact energy have been
examined extensively, highlighting the effect they have in contributing to the overall
structural behaviour of the GFRP RC beams. FRP design recommendations for RC
beams reinforced with GFRP bars were validated with experimental results and
overall shown to provide relatively conservative results, especially for higher
amounts of longitudinal reinforcement. Furthermore, validation of existing models
for effective moment of inertia for the calculation of deflection were shown to
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provide

un-conservative

results,

under-predicting

deflections

compared

to

experimental deflections. Response 2000 was also shown to be a useful tool in
predicting load carrying capacity and mid-span deflections of beams reinforced with
glass fibre reinforced bars. Dynamic vertical equilibrium was verified for the GFRP
RC beams under impact loading. Dynamic amplification factor was found to be on
average 15% (series I) and 17% (series II) higher for the GFRP RC beams under
impact loading compared to static loading. Finally, GFRP RC beams under static
loading were flexural critical, as opposed to a dynamic punching shear failure
response under impact loading.

331

Chapter 6: Punching Shear Failure Response of GFRP RC Beams

6 PUNCHING SHEAR FAILURE RESPONSE OF GFRP RC BEAMS

6.1

General

This chapter describes the punching shear failure response of the concrete beams
reinforced with GFRP bars subjected to localised impact loading using a two-degreeof-freedom mass-spring-damper system to model the behaviour. The commercially
available computer programming tool, MATLAB was employed for simulating the
behaviour of the GFRP RC beams. Experimental results were used to verify the
accuracy of the system. Furthermore, the model was validated for the use of GFRP
bars for reinforcing concrete beams reinforcement since the system has been
predominately used for steel RC structures (beams and slabs) (Micallef et al. 2014).
In this chapter the main components for the two-degree-of-freedom mass spring
system are provided and discussed in detail. A comparative analysis of experimental
dynamic mid-span deflections and dynamic deflections obtained from punching
shear model are included with a high degree of accuracy obtained. Note, GFRP RC
beams in series I with 𝜌𝑓 = 0.5% under impact loading (40I-#2S-0.5-I and 80I-#2S0.5-I) and GFRP RC beams in series II subjected to 100% energy absorption (120II#3HM-1.0-I0.710 and 120II-#4HM-2.0-I1.1) were not included in this Chapter for
analysis of response of punching shear failure due to significant damage caused by
the impact drop hammer.
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6.2

Two-Degree-of Freedom Mass Spring System for Dynamic Punching
Shear Failure Response

Experimentally investigating the dynamic response of large full scale RC beams can
be costly. Thus, structural engineers need to predict the behaviour of these beams
through other means. Alternative methods that have been used to verify the response
of reinforced concrete beams under impact loading include numerical modelling,
such as finite element analysis or analytical evaluation such as two-degree-offreedom mass-spring-damper systems. It has been reported that numerical modelling
is difficult to employ practical situations due to limitations around material properties
including cracking of concrete (Micallef et al. 2014). However, the later (mass spring
system) has shown to be an accurate method in simulating the response of practical
scenarios. The CEB Bulletin titled “Concrete Structures under Impact and Impulsive
Loading” (CEB 1988) provides a two-degree of freedom mass spring system (Figure
6-1) for the response of a RC beam under impact for a dynamic punching shear or
shear “plug” type of failure (Figure 6-2).

F(t)
m2

w2(t)

R2

c2

m1
c1

w1(t)

R1

Figure 6-1 Schematic View of Two Degree of Freedom Mass Spring Model
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F(t)
u

m1

m2

m1

u=w2(t)-w1(t)
Figure 6-2 Simple Model for Punching Shear
The model leads to two equilibrium equations, Equations (6-1) and (6-2). The two
second order non-linear differential equations were solved using MATLAB, with a
code developed to predict the deformation of the GFRP RC beams (𝑤1) to compare
with experimental dynamic deflections. The MATLAB function, ode45 was used to
solve the two differential equations, which integrates the system of differential
equations for a specific time interval. However, MATLAB does not have the
capabilities to solve second order non-linear differential equations and thus
Equations (6-1) and (6-2) were reduced to provide a system of four first order
differential equations (Equations (6-3), (6-4), (6-5) and (6-6)). To solve the four first
order differential equations, experimental data was broken down into the four main
components: 1) Mass, 𝑚1 and 𝑚2 (Section 6.2.1). 2) Resistances, 𝑅1 and 𝑅2 (Section
6.2.2). 3) Impact force, 𝐹(𝑡) (Section 6.2.3). 4) Damping, 𝑐1 and 𝑐2 (Section 6.2.4).
𝑚2 𝑤̈2 + 𝑐2 𝑤̇2 + 𝑅2 [𝑢(𝑡)] = 𝐹(𝑡)

(6-1)

𝑚1 𝑤̈1 + 𝑐1 𝑤̇1 + 𝑅1 [𝑤1 (𝑡)] − 𝑅2 [𝑢(𝑡)] = 0

(6-2)

Let 𝑤1 = 𝑥(1)
̇ = 𝑥(2) and 𝑤1̈ = 𝑥(2)
̇
∴ 𝑤1̇ = 𝑥(1)
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Let 𝑤2 = 𝑥(3)
̇ = 𝑥(4) and 𝑤2̈ = 𝑥(4)
̇
∴ 𝑤2̇ = 𝑥(3)
̇ = 𝑥(2)
𝑥(1)

̇ =
𝑥(2)

𝑅2 [𝑥(3) − 𝑥(1)] − 𝑅1 [𝑥(1)] − 𝑐1 𝑥(2)
𝑚1
̇ = 𝑥(4)
𝑥(3)

̇ =
𝑥(4)

6.2.1

𝐹(𝑡) − 𝑅2 [𝑥(3) − 𝑥(1)] − 𝑐2 𝑥(4)
𝑚2

(6-3)

(6-4)

(6-5)

(6-6)

Mass, 𝑚1 and 𝑚2

For simple model for dynamic punching shear, the two-degree-of-freedom mass
spring system accounts for two masses, defined as 𝑚1 and 𝑚2 (Figure 6-3). Mass 1
(𝑚1 ) is defined as the equivalent mass of the GFRP RC beam, which can be
calculated using 17𝜌𝐴𝑐 𝐿/35, where 𝜌 is the density of the concrete (assumed as
2400 kg/m3), 𝐴𝑐 is cross-sectional of the GFRP RC beam (𝐴𝑐 = 150 mm ×
100 mm) and 𝐿 is the span length of the GFRP RC Beam (𝐿 = 2000 mm) (Fujikake
et al. 2009). For all GFRP RC beams, the equivalent mass of the GFRP RC beams
was calculated as 35 kg. Mass 2 (𝑚2 ) accounts for the mass of the punching shear
cone, which is shown in Figure 6-4. The volume of 𝑚2 was approximated by
manually obtaining the dimensions of the mass shear block and multiplying by the
width of the GFRP RC beam (𝑏 = 100 mm). Mass 𝑚2 was calculated by assuming
density of concrete was 2400 kg/m3. For series I, the GFRP RC beams were
discarded after experimental testing and thus the mass of the shear block could not be
manually determined and was thus approximated. Effective Masses of GFRP RC
beams for series I ranged from approximately 4 kg to 10 kg. For series II, effective
mass for GFRP RC beams could be manually obtained and ranged from 6 to 16 kg.
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Mass of shear plug was shown to increase as drop hammer height increased for series
II. Table 6-1 provides a summary of the masses for the GFRP RC beams.

𝒎𝟏

𝒎𝟏
𝒎𝟐

Figure 6-3 Experimental Depiction of Simple Model for Punching Shear

𝒎𝟏

𝒎𝟏

𝒎𝟐

Figure 6-4 Experimental Depiction of Masses 𝑚1 and 𝑚2
Table 6-1 Effective Masses of GFRP RC Beams (𝑚1 ) and Masses of Shear Block
(𝑚2 )

6.2.2

GFRP RC Beam

𝒎𝟏 (𝐤𝐠)

𝒎𝟐 (𝐤𝐠)

40I-#3HM-1.0-I

35

4

40I-#4HM-2.0-I

35

8

80I-#3HM-1.0-I

35

6

80I-#4HM-2.0-I

35

10

120II-#3HM-1.0-I0.355

35

10

120II-#3HM-1.0-I0.533

35

11

120II-#4HM-2.0-I0.550

35

12.5

120II-#4HM-2.0-I0.825

35

16

Resistances, 𝑅1 and 𝑅2

The two-degree-of-freedom mass spring system for dynamic punching shear
accounts for two deformation characteristics, 𝑅1 (𝑤1 ) and 𝑅2 (𝑢). 𝑅1 (𝑤1 ) represents
the deformation characteristic of the surrounding GFRP RC beam in bending. As
336

Chapter 6: Punching Shear Failure Response of GFRP RC Beams

documented in CEB (1988) and shown in Figure 6-5, resistance 𝑅1 can be modelled
as an idealised elastoplastic material. For this study, resistance 𝑅1 was modelled as
an idealised/simplified experimental load-deflection curve from static testing (Figure
6-6). The simplified load-deflection curve was broken up into three main
components: un-cracked section, cracked section and reserve capacity. This provided
three different stiffness, 𝑘1 (un-cracked), 𝑘2 (cracked) and 𝑘3 (reserve capacity).
Initially, stiffness was shown to be significantly large for the GFRP RC beams,
2387 ≤ 𝑘1 ≤ 6103 N/mm (uncracked section), with a reduction in stiffness postcracking

(540 ≤ 𝑘2 ≤ 1008 N/mm).

After

post-cracking

stiffness

(pseudo

“ductility”), stiffness was approximated and shown to range from 131 ≤ 𝑘3 ≤
353 N/mm. A summary of the stiffness factors for resistance 𝑅1 are shown in Table
6-2.

Figure 6-5 Idealised Elastoplastic Material (CEB 1988)
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50
45

𝑘3

Resistance, 𝑹𝟏 (kN)

40
35
30
25
20

𝑘2

Experimental

15

Idealised Model

10

5
𝑘1

0

0

20

40
60
Deformation, 𝒘𝟏 (mm)

80

100

Figure 6-6 Resistance (𝑅1 ) as a Function of Displacement (𝑤1 )
Table 6-2 Stiffness Factors for Resistance 𝑅1 (𝑤1 )
GFRP RC Beam

𝒌𝟏 (𝐍/𝐦𝐦)

𝒌𝟐 (𝐍/𝐦𝐦)

𝒌𝟑 (𝐍/𝐦𝐦)

40I-#3HM-1.0-I

4900

618

131

40I-#4HM-2.0-I

6103

817

353

80I-#3HM-1.0-I

4937

715

172

80I-#4HM-2.0-I

5585

1008

242

120II-#3HM-1.0-I0.355

2387

540

139

120II-#3HM-1.0-I0.533

2387

540

139

120II-#4HM-2.0-I0.550

3204

806

277

120II-#4HM-2.0-I0.825

3204

806

277

The deformation characteristic, 𝑅2 (𝑢) relates to the dynamic punching shear cone
relative to the surrounding GFRP RC beam. According to CEB (1988), the resistance
𝑅2 (𝑢) consists of three contributing factors (Figure 6-7):
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1) Contribution of tensile strength of the concrete.
2) Contribution of steel reinforcement stirrups elongated after cracking.
3) Contribution of bending reinforcement (dowel action).

Figure 6-7 Idealised Behaviour of Punching Cone (CEB 1988)

Micallef et al. (2014) assessed the punching shear failure in reinforced concrete slabs
subjected to localised impact loading and reported that the two-degree of freedom
mass spring system model has a main limitation. They note that the dynamic
punching strength is also influenced by the beam deformation which is not accounted
for in this model.

Using the dynamic punching shear model provided by CEB (1988), resistance
function 𝑅2 (𝑢) was computed using experimental data. The contribution of tensile
strength of concrete was assumed as an idealised triangular function (Figure 6-8(a)).
The top peak of the triangular function was taken as the tensile strength of concrete
(𝑓𝑡 ), which was assumed as 0.62√𝑓′𝑐 (according to ACI (2006)). For series I GFRP
RC beams, at time of impact testing, concrete strength was measured as 57.4 MPa
(normal strength concrete) and 72.3 MPa (high strength concrete), given concrete
tensile strengths of 4.7 MPa and 5.3 MPa, respectively. For series II GFRP RC
beams, at the time of impact testing, concrete strength was measured as 116.6 MPa,
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giving tensile strength of approximately 6.7 MPa. Tensile force was calculated by
multiplying tensile strength by cross-sectional area of concrete cylinder (7854 mm2).
Cracking deformation (∆𝑐𝑟 ) of concrete was determined based on experimental loaddeflection curve, at the point when the first crack formed. This was observed as a
small drop in load carrying capacity.

The contribution of steel reinforcement stirrups was taken as an idealised bi-linear
relationship of force-deformation from experimental data (Figure 6-8(b)). The tensile
force was calculated by multiplying stress by the cross-sectional area of the steel
reinforcement bar (∅ = 4 mm). Deformation was computed by multiplying strain by
the length of the stirrup (120 mm).

Finally, the shear contribution from the GFRP reinforcement bars (bending
reinforcement) was taken as an idealised linear curve of shear force-shear
displacement from a sample from preliminary experimental testing (Figure 6-8(c)).
Only #3HM GFRP reinforcement bars were tested for shear strength due to time
restrictions. Thus, the results for this GFRP reinforcement bar were used for the other
GFRP reinforcement beams which were reinforced with #4HM GFRP reinforcement
bars. Figure 6-9 illustrates the individual contributing factors. Figure 6-10 depicts the
combination of the three individual factors, resulting in five stiffness factors
(𝑘1 , 𝑘2 , 𝑘3 , 𝑘4 , 𝑘5 ) (Table 6-3).
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(b) Stirrups
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(c) Bending Reinforcement
Figure 6-8 Individual. Contributing Factors for Resistance, 𝑅2 (𝑢)
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Figure 6-9 Contributing Factors for Resistance, 𝑅2 (𝑢)
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Figure 6-10 Combined Contributing Factors for Resistance, 𝑅2 (𝑢)
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Table 6-3 Stiffness Factors for Resistance, 𝑅2 (𝑢)
𝒌𝟏

𝒌𝟐

𝒌𝟑

𝒌𝟒

𝒌𝟓

(𝐍/𝐦𝐦)

(𝐍/𝐦𝐦)

(𝐍/𝐦𝐦)

(𝐍/𝐦𝐦)

(𝐍/𝐦𝐦)

40I-#3HM-1.0-I

129270

-78571

13717

-111792

0

40I-#4HM-2.0-I

193620

-142980

14176

-1000000

0

80I-#3HM-1.0-I

121491

-78186

13817

-1000000

0

80I-#4HM-2.0-I

159960

-109823

13817

-1000000

0

120II-#3HM-1.0-I0.355

102672

-64723

13817

-1000000

0

120II-#3HM-1.0-I0.533

102672

-64723

13817

-1000000

0

120II-#4HM-2.0-I0.550

134403

-92196

13817

-1000000

0

120II-#4HM-2.0-I0.825

134403

-92196

13817

-1000000

0

GFRP RC Beam

6.2.3

Impact Force, 𝐹(𝑡)

Equation (6-1) accounts for the impact force of the drop hammer. Thus, to solve the
non-linear differential equations, experimental data for impact force-time histories
were used as shown in Figure 6-11. For simplicity and allow the MATLAB code to
run smoothly, the amount of experimental data points was significantly reduced and
thus an idealised model was used. This idealised model can be seen in Figure 6-12.
The idealised model had a profile representing the inertial forces (high short
magnitude peak) and dynamic bending resistance (parabolic curve).
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Figure 6-11 Experimental Impact Force-Time History
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Figure 6-12 Idealised Impact Force-Time History Model
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6.2.4

Damping, 𝑐1 and 𝑐2

Damping is an important mechanism in RC structures subjected to impact loading.
However, it has been reported the complexity of damping and the difficulty in
calculating analytically (Saatci and Vecchio 2009a). One way for calculating
damping is by measuring the free vibration response of the structure. However, for
this study, this was not conducted. During development of MATLAB code, it was
evident the sensitivity of the results for dynamic deflection when the actual damping
coefficients, 𝑐1 and 𝑐2 were modified. Damping was shown to significantly influence
deformation of the GFRP RC beams. Thus to determine the damping ratio, which is
an important factor to know, especially for beams reinforced with GFRP bars, a trial
and error analysis was conducted. It was found that the coefficients for damping, 𝑐1
and 𝑐2 were significantly small for both sets of series of GFRP RC beams under
impact loading. For series I GFRP RC beams, it was found that the damping
coefficients were 𝑐1 and 𝑐2 were equal to 4 and 1, respectively. For series II GFRP
RC beams, it was found that the damping coefficients were 𝑐1 and 𝑐2 were equal to 4
and 11, respectively. These coefficients were used to calculate the damping ratio
(Equation (6-7)), defined as the actual damping divided by critical damping
(Equation (6-8)). A critical damp system returns to equilibrium quickly without
oscillating and is calculated as 2√𝑚𝑘, where 𝑚 represents the mass (kg) and 𝑘
represents stiffness (N/mm). For the GFRP RC beams, since cracking and damage
dominated the response, stiffness values after cracking and damage were used. Thus
for resistance 𝑅1 and 𝑅2 , stiffness factors 𝑘2 and 𝑘3 were used, respectively. Thus for
both series, this resulted in very low damping ratios. For series I, mean damping ratio
(𝜉) for 𝑐1 and 𝑐2 were determined as 1.22% and 0.17%, respectively. For series II,
mean damping ratio (𝜉) for 𝑐1 and 𝑐2 were determined as 1.33% and 1.35%,
respectively. This is representative of the structure of the GFRP RC beams since the
mass of the beams are relatively small and thus energy dissipation is also small. The
GFRP RC beams are not part of the whole floor and by itself has low capacity to
dissipate energy. Table 6-4 summaries the damping coefficients and damping ratios
for the GFRP RC beams.
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Damping Ratio 𝜉 =

Actual Damping (𝑐1 and 𝑐2 )
Critical Damping

(6-7)

Critical Damping = 2√𝑚𝑘

(6-8)

Table 6-4 Damping Coefficients and Damping Ratio
𝒄𝟐

(𝐤𝐠/𝐬)

(𝐤𝐠/𝐬)

40I-#3HM-1.0-I

4

1

1.36 0.21

40I-#4HM-2.0-I

4

1

1.18 0.15

80I-#3HM-1.0-I

4

1

1.26 0.17

80I-#4HM-2.0-I

4

1

1.06 0.13

𝒄𝟏

𝒄𝟐

1.22 0.17

Mean
120II-#3HM-1.0-I0.355

4

11

1.46 1.48

120II-#3HM-1.0-I0.533

4

11

1.46 1.41

120II-#4HM-2.0-I0.550

4

11

1.19 1.32

120II-#4HM-2.0-I0.825

4

11

1.19 1.17

Mean

6.3

𝝃(%)

𝒄𝟏

GFRP RC Beam

1.33 1.35

Dynamic Punching Shear Model Verification

The dynamic punching shear model as described in this chapter was verified against
the experimental results obtained in this study for the GFRP RC beams subjected to
impact loading. The model was verified against GFRP RC beams that provided
substantial resistance against the impact load, where total collapse didn’t occur. The
beams selected in series I for verification were GFRP RC beams 40I-#3HM-1.0-I,
40I-#4HM-2.0-I, 80I-#3HM-1.0-I and 80I-#4HM-2.0-I. In series II, GFRP RC beams
120II-#3HM-1.0-I0.355, 120II-#3HM-1.0-I0.533, 120II-#4HM-2.0-I0.550 and 120II-#4HM2.0-I0.825 were used for verification of the dynamic punching shear model. A
comparative analysis was performed with respect to the dynamic mid-span deflection
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behaviour. For the dynamic punching shear model, dynamic mid-span deflection is
represented by 𝑤1.
6.3.1

Series I

The dynamic punching shear model for the four GFRP RC beams analysed
demonstrated a similar to identical response compared to the experimental dynamic
deflections. The four main components, as previously mentioned in Section 6.2
provided high degree of accurate readings for the GFRP RC beams. The profile of
the dynamic shear model, produced by MATLAB mirrored the parabolic curve
obtained from image processing techniques for the experimental dynamic
deflections. For the normal strength GFRP RC beams, maximum dynamic
deflections obtained from dynamic punching shear model were 53.4 mm and 50.3
mm, for GFRP RC beams 40I-#3HM-1.0-I and 40I-#4HM-2.0-I, respectively. For the
high strength GFRP RC beams, maximum dynamic deflections obtained from
dynamic punching shear model were 50.1 mm and 39.7 mm for GFRP RC beams
80I-#3HM-1.0-I and 80I-#4HM-2.0-I, respectively. In comparison, GFRP RC beams
exhibited experimental dynamic deflections of 57.5 mm (40I-#3HM-1.0-I), 52.3 mm
(40I-#4HM-2.0-I), 51.6 mm (80I-#3HM-1.0-I) and 43.8 mm (80I-#4HM-2.0-I). A
comparison of the ratio of the dynamic deflection from punching shear model to the
experimental dynamic deflection is reported in Table 6-5. Overall, it was shown that
the punching shear model under-predicted dynamic mid-span deflection by
approximately 6% (𝑤1 /∆𝑒𝑥𝑝 = 0.94). Dynamic deflections for GFRP RC beam 80I#3HM-1.0-I displayed the highest level of accuracy (𝑤1 /∆𝑒𝑥𝑝 = 0.97), with the
dynamic shear model under-predicting deflection by 3%. The most conservative
result was observed for GFRP RC beam 80I-#4HM-2.0-I, with the model underpredicting deflection by approximately 10%. The dynamic deflection time histories
determined from the dynamic punching shear model against experimental results are
depicted in Figure 6-13 (GFRP RC beam 40I-#3HM-1.0-I), Figure 6-14 (GFRP RC
Beam 80I-#3HM-1.0-I) Figure 6-15 (GFRP RC Beam 40I-#4HM-2.0-I) and Figure
6-16 (GFRP RC Beam 80I-#4HM-2.0-I).
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Table 6-5 Comparisons of Dynamic Deflections (Series I)
GFRP RC Beam

𝒘𝟏 (mm)

∆𝒆𝒙𝒑 (mm)

𝒘𝟏 /∆𝒆𝒙𝒑

40I-#3HM-1.0-I

53.4

57.5

0.93

40I-#4HM-2.0-I

50.3

52.3

0.96

80I-#3HM-1.0-I

50.1

51.6

0.97

80I-#4HM-2.0-I

39.7

43.8

0.91
0.94

Mean

Dynamic Mid-Span Deflection (mm)
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40
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Two Degree of Freedom
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0.04

0.06
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Figure 6-13 Validation of Punching Shear Model for GFRP RC Beam 40I-#3HM1.0-I
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Figure 6-14 Validation of Punching Shear Model for GFRP RC Beam 80I-#3HM1.0-I
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Figure 6-15 Validation of Punching Shear Model for GFRP RC Beam 40I-#4HM2.0-I
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Dynamic Mid-Span Deflection (mm)
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Figure 6-16 Validation of Punching Shear Model for GFRP RC Beam 80I-#4HM2.0-I

6.3.2

Series II

As shown for series I, the dynamic punching shear model for the GFRP RC beams
under impact loading was validated for series II GFRP RC beams. Overall, the model
was relatively accurate in comparison to the experimental dynamic deflections, with
a mean reading of 𝑤1 /∆𝑒𝑥𝑝 = 0.93 (the model under-predicted deflection by an
average of 7.5%). For GFRP RC beams with a reinforcement ratio of 𝜌𝑓 = 1.0%
(GFRP RC beams 120II-#3HM-1.0-I0.355 and 120II-#3HM-1.0-I0.533), the dynamic
punching shear model was highly accurate. The model under-predicted dynamic
deflection by 12% (𝑤1 = 66.5 mm) and 5% (𝑤1 = 89.1 mm) for GFRP RC beams
120II-#3HM-1.0-I0.355 and 120II-#3HM-1.0-I0.533, respectively. That is the model
provided higher accurate results compared to experimental dynamic deflection as
impact energy increased.
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For the GFRP RC beams with a reinforcement ratio of 𝜌𝑓 = 2.0%, as the impact
energy increased, the model became highly conservative. For GFRP RC beam 120II#4HM-2.0-I0.550, the model was shown to be un-conservative, over-predicting
deflection by 8%, that is 𝑤1 /∆𝑒𝑥𝑝 = 1.08 (𝑤1 = 76.4 mm). However, as impact
energy increased by 50%, the dynamic shear model under-predicted deflection by
25% (𝑤1 /∆𝑒𝑥𝑝 = 0.80), that is ∆𝑒𝑥𝑝 = 129.5 mm compared to 𝑤1 = 103 mm. The
dynamic deflection time histories determined from the dynamic punching shear
model against experimental results are depicted in Figure 6-17 (GFRP RC beam
120II-#3HM-1.0-I0.355), Figure 6-18 (GFRP RC beam 120II-#3HM-1.0-I0.533), Figure
6-19 (GFRP RC beam 120II-#4HM-2.0-I0.550) and Figure 6-20 (GFRP RC beam
(120II-#4HM-2.0-I0.825). Table 6-6 compares dynamic mid-span deflection from the
punching shear model with the experimental dynamic deflection. The relationship
between dynamic deflection and drop height is shown in Figure 6-21.

Table 6-6 Comparisons of Dynamic Deflections (Series II)
𝒘𝟏 (mm)

GFRP RC Beam

∆𝒆𝒙𝒑
(mm)

𝒘𝟏 /∆𝒆𝒙𝒑

120II-#3HM-1.0-I0.355

66.5

75.0

0.89

120II-#3HM-1.0-I0.533

89.1

93.4

0.95

120II-#4HM-2.0-I0.550

76.4

70.5

1.08

120II-#4HM-2.0-I0.825

103

129.5

0.80

Mean

0.93
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Dynamic Deflection (mm)
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Figure 6-17 Validation of Punching Shear Model for GFRP RC Beam 120II-#3HM1.0-I0.355
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Figure 6-18 Validation of Punching Shear Model for GFRP RC Beam 120II-#3HM1.0-I0.533
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Figure 6-19 Validation of Punching Shear Model for GFRP RC Beam 120II-#4HM2.0-I0.550
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Figure 6-20 Validation of Punching Shear Model for GFRP RC Beam 120II-#4HM2.0-I0.825
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Figure 6-21 Relationship between Dynamic Deflection and Drop Height

6.4

Summary

The dynamic punching shear model using a two degree of freedom mass spring
system desribed in this chapter was used to compare with the experimetnal results of
the GFRP RC beams under impact loading. Overall, it was shown that the dynamic
puching shear model was able to predict with high accuracy the dynamic deflections
compared to the experimental dynamic deflections. For series I, the model
underpredicted dynamic deflections by an avergae of approximatley 6%, and for
series II, 7.5%. Thus, it has been proven that this two degree of freedom mass spring
system, with a dynamic punching shear failure can be used for alternative
longitudinal reinforcement, that is glass fibre reinforcement compared to
conventional steel reinforcement.

354

Chapter 7: Conclusions and Recommendations for Future Work

7 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

7.1

Summary

The use of FRP bars in civil infrastructure is expanding. This is due to its overwhelming properties compared to conventional steel reinforcement. It’s especially
useful for marine infrastructure including bridge decks and piers due to its noncorrosive behaviour. This is especially beneficial in reducing maintenance costs
required for repairing. However, one area of research that has had limited attention is
the impact behaviour of civil infrastructure internally reinforced with FRP bars. This
field is of significant importance because civil or marine infrastructure reinforced
with FRP bars could be subjected to heavy collisions during their service life. Thus
the response of these structures subjected to heavy loads needs investigating. Thus to
address this issue, the flexural and impact response of simply supported beams
reinforced with glass fibre reinforced polymer (GFRP) bars was investigated in this
study. The study consisted on two main phases, experimental investigation and
evaluating the dynamic punching shear failure response of the GFRP RC beams
using a two degree of freedom mass spring system model. The current study
demonstrated a number of findings in relation to the impact response of GFRP RC
beams. Furthermore, the effects of parameters on the flexural and impact response of
the GFRP RC beams were investigated, primarily focusing on reinforcement ratio
concrete strength and impact energy.

The experimental phase consisted of two series, classified as series I and series II. In
total, twenty four concrete beams internally reinforced with glass fibre reinforced
polymer bars were constructed and tested. GFRP RC beams had rectangular crosssections, with dimensions of 100 mm by 150 mm, and 2400 mm in length. Each
series consisted of twelve GFRP RC beams:
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Series I

Six GFRP RC beams were tested under static loading (four point bending) up till
failure for analysis of the flexural response. Test variables included longitudinal
reinforcement ratio (𝜌𝑓 = 0.5%, 1.0% and 2.0%) and design characteristic concrete
strength of 40 MPa (normal strength concrete) and 80 MPa (high strength concrete).
The effect these variables had on load-carrying capacity, mid-span deflection, failure
mode, crack pattern, energy absorption capacity and strain in the concrete and GFRP
reinforcement bars were investigated. Six GFRP RC beams were subjected to a small
impact test rig with a mass of 110 kg at a height of 1.2 m. Test variables included
longitudinal

reinforcement

ratio

(𝜌𝑓 = 0.5%, 1.0% and 2.0%)

and

design

characteristic concrete strength of 40 MPa (normal strength concrete) and 80 MPa
(high strength concrete). The effect of impact force, dynamic mid-span deflections,
dynamic GFRP tensile strain and dynamic reaction forces including inertial forces
and support reaction forces, failure mode and crack patterns were studied.

Series II

Six GFRP RC beams were tested under static loading (three point bending) up till
failure for analysis of the flexural response. Test variables included longitudinal
reinforcement ratio (𝜌𝑓 = 0.5%, 1.0% and 2.0%) and design characteristic concrete
strength of 80 MPa and 120 MPa (high strength concrete). The effect these variables
had on load-carrying capacity, mid-span deflection, failure mode, crack pattern,
energy absorption capacity and strain in the concrete and GFRP reinforcement bars
were investigated. Six GFRP RC beams with design characteristic concrete strength
of 120 MPa were subjected to a free falling 580 kg mass drop hammer at various
levels of impact energy. The main test variables included drop hammer height and
reinforcement ratio (𝜌𝑓 = 1.0% and 2.0%)). The effect impact energy had on impact
force, failure mode, crack pattern, dynamic mid-span deflections and dynamic GFRP
tensile strain were investigated.
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The GFRP RC beams subjected to localised impact loading were evaluated using a
two degree of freedom mass spring system model for a dynamic punching shear
failure response. The model was validated and compared with dynamic mid-span
deflections from the experimental phase of the study.
7.2

Conclusions

A successful investigation into understanding the flexural and impact response of
concrete beams reinforced with glass fibre reinforced polymer bars has been
presented. Observations have led to the following conclusions:

Static Loading

1. The failure mode of GFRP RC beams can be accurately predicted from
sectional analysis used for traditional RC beams. The ratio of the beam
reinforcement to the calculated balanced reinforcement (𝜌𝑓 ⁄𝜌𝑓𝑏 ) can be used
as an indicator for the failure mode of the GFRP RC beams. Concrete
crushing on the top surface occurred for GFRP RC beams reinforced with
more than the balanced reinforcement. While for the GFRP RC beams
reinforced with lower than the balanced reinforcement, rupture of the GFRP
reinforcement bars governed.

2. The load–deflection behaviour of the normal strength and high strength
concrete GFRP RC beams under static loading displayed a bi-linear response,
with the initial section of the response indicating an un-cracked behaviour of
the beam. The second part of the response indicated the cracked behaviour of
the GFRP RC beam.
3. GFRP RC beams designed as over reinforced showed signs of reserve
capacity or ‘‘ductility” prior to total failure.
4. The effect of concrete strength was shown to influence deflection for the
GFRP RC beams under static loading. Increasing concrete strength showed to
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reduced mid-span deflection at the same loading level. This was observed for
all GFRP RC beams. Thus, post-cracking bending stiffness also increased as
concrete strength increased. Load carrying capacity (peak 1) showed to
increase as concrete strength and reinforcement ratio increased. Load carrying
capacity was not affected by increase in concrete strength at lower amounts of
reinforcement due to the failure governed by the rupture of the GFRP
reinforcement bars. Also, higher strength concrete was found to slightly
reduce the level of strain in the GFRP reinforcement bars at the same loading
level.
5. The design recommendations for concrete beams reinforced with FRP bars
(ACI 2015, CSA 2012) showed to reasonably predict the load carrying
capacity of the GFRP RC beams under static loading. For series I, ACI
(2015) and CSA (2012) under-predicted load by an average of 11% and 5%,
respectively. However, the guidelines were non-conservative for lower
amounts of reinforcement (for failure by GFRP reinforcement rupture). For
series II, ACI (2015) and CSA (2012) were highly conservative, with both
FRP design recommendations under-predicting load carrying capacity by an
average of 37%. However, in series II, the FRP design recommendations
under-predicted load for GFRP RC beams with a reinforcement ratio of 0.5%.

6. For series I GFRP RC beams under static loading, it was found that at the
load carrying capacity level, the most conservative model for deflection
compared to experimental deflections at peak 1 load was provided by Getzlaf
(2012) (∆𝑝𝑟𝑒𝑑 ⁄∆𝑒𝑥𝑝 = 1.16), over-predicting deflection by 16%. The model
provided by Al-Sunna et al. (2005) was the next most conservative model
(∆𝑝𝑟𝑒𝑑 ⁄∆𝑒𝑥𝑝 = 1.09), over-predicting deflection by 9%. Models provided by
Yost et al. (2003), Touantji and Saafi (2000) and ACI (2015) all underpredicted deflection by an average of 4%, 5% and 6%, respectively.
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7. For the GFRP RC beams in series II, at peak 1 load carrying capacity,
predicted deflections were shown to be relatively accurate in comparison to
experimental deflections. Besides the model provided in Geztlaf (2012),
predicted deflections were shown to be un-conservative. The model provided
by ACI (2015) showed to under-predict deflection by an average of 22%.
However the model for effective moment of inertia did not sit well for the
GFRP RC beams with 𝜌𝑓 = 0.5%. For GFRP RC beam 80II-#2S-0.5-S,
∆𝑝𝑟𝑒𝑑 ⁄∆𝑒𝑥𝑝 = 0.7 and for GFRP RC beam 120II-#2S-0.5-S, ∆𝑝𝑟𝑒𝑑 ⁄∆𝑒𝑥𝑝 =
0.73. Models provided by Toutanji and Saafi (2000) and Yost et al. (2003)
under-predicted deflection by an average of 15%. The model used in the
study conducted by Al-Sunna et al. (2005) showed to be very accurate for this
set of GFRP RC beams. On average, predicted deflection was underestimated
by an average of 3% (∆𝑝𝑟𝑒𝑑 ⁄∆𝑒𝑥𝑝 = 0.97). The model by Getzlaf (2012)
showed the most and only conservative results at peak 1, displaying a ratio of
predicted deflection to experimental deflection to be greater than 1, that is
∆𝑝𝑟𝑒𝑑 ⁄∆𝑒𝑥𝑝 = 1.09, indicating an over-prediction by 9%.
8. Response 2000 was shown to be a useful tool in providing a degree of
accuracy in predicting sectional response of concrete beams reinforced with
GFRP bars. For series I and II, on average the software program underpredicted load by 4% and 27%, respectively. Response 2000 over-predicted
load for GFRP RC beams with low reinforcement ratio in series I. In terms of
member response (mid-span deflection), results for each series varied.
Response 2000 was shown to over-predict deflection by 6% for series I but
under-predict deflection by 35% for series II GFRP RC beams.
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Impact Loading

9. Under impact loading, regardless of the shear capacity of the GFRP RC
beams, the over-reinforced beams have been observed to experience inclined
shear cracking and crushing of concrete cover around the impact zone at
approximately 45 angles, resulting in a dynamic punching shear failure or
‘‘shear plug” response. Whereas, the GFRP RC beams under static loading
were shown to be flexural critical. Thus, the shear behaviour of flexurecritical GFRP RC beams must be considered in dynamic modelling or in
designing beams for impact loads.

10. Failure mode was shown to be governed based on amount of longitudinal
reinforcement ratio. Crushing of concrete cover on the top surface occurred
for GFRP RC beams reinforced with more than the balanced reinforcement.
While for the GFRP RC beams reinforced with lower than the balanced
reinforcement totally collapsed, by rupture of GFRP bars causing substantial
damage in the impact zone.
11. Resistance of GFRP RC beams under impact loading have been observed to
be controlled by inertia forces at first contact before beam flexural behaviour
starts contributing to resisting the impact load. That is, at the first point in
contact, it was found that 𝛼 ≈ 1.0 for the GFRP RC beams. As the support
reactions came into play, 𝛼 ≈ 0. Thus, the geometrical properties of the
beam, as well as the total mass and span length are major factors in resisting
dynamic forces.
12. Dynamic amplification factor was shown to be on average 15% (series I) and
17% (series II) higher for the GFRP RC beams under impact loading
compared to static loading. Thus GFRP RC beams have additional reserve
capacity when subjected to impact loading.
13. For series I, increase in concrete strength reduced dynamic deflection,
especially at higher amounts of reinforcement. Dynamic deflection decreased
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by 10% for a reinforcement ratio of 1.0% when concrete strength increased
from normal strength to high strength compared to 16% for a reinforcement
ratio of 2.0%. However, increased in concrete strength from normal strength
to high strength did not significantly affect dynamic bending resistance,
regardless of the amount of longitudinal reinforcement (increase ranging from
6% to 11%). Dynamic strain in the GFRP reinforcement bars decreased for
an increase in concrete strength, especially at higher amounts of longitudinal
reinforcement (0.78% for GFRP RC beam 40I-#4HM-2.0-I compared to
0.68% for GFRP RC beam 40I-#4HM-2.0-I).
14. For series II, increase in impact energy increased dynamic mid-span
deflection of the GFRP RC beams. At lower levels of impact energy, for the
same amount of reinforcement dynamic deflections were shown to be roughly
similar. However, at very large levels of impact energy, a significant increase
in dynamic deflection was observed. Also, by increasing impact energy by
33%, 50% and 100%, dynamic strain in the GFRP reinforcement was shown
to increase approximately linearly, especially for a reinforcement ratio of
1.0%.
15. The two degree of freedom mass spring system for a dynamic punching shear
failure response, developed using a MATLAB code was shown to be a useful
model in analysing simply supported concrete beams reinforced with GFRP
bars under impact loading.
16. The two degree of freedom mass spring system showed to a high level of
accuracy to predict dynamic deflections well, for normal and high strength
concrete as compared to experimental dynamic deflections. For series I and
series II, the dynamic punching shear model under-predicted deflections by
an average of approximately 6% and 8%, respectively.
17. It was observed that damping was relatively negligible, with damping ratios
shown to be significantly small, ranging from 0.17% to 1.35% for 𝑐1 and 𝑐2 .
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7.3

Recommendations for Future Work

The following recommendations are suggested which would be beneficial in
increasing the knowledge in this field of structural engineering. Current studies have
investigated the response of concrete beams under static loadings and thus additional
research should primarily focus on impact response of concrete beams internally
reinforced with fibre reinforced polymer bars.

1) Further additional experimental studies are required to investigate the impact
response of concrete beams reinforced with a wider range of variables
including longitudinal reinforcement ratios, concrete strengths, shear
reinforcement ratio and different cross-sections including T-shaped or Isection cross-sections.

2) The concrete beams constructed in this study are relatively quite small. Thus
a size effect analysis would be beneficial, to compare the structural behaviour
of larger sized practical beams with internal FRP reinforcement under impact
loading. A comparative and contrast investigation in terms of overall general
behaviour (crack patterns, failure mode) would be beneficial for practical
structural engineering applications.
3) The current study carried out an investigation primarily focusing on one type
of commercially available fibre, that is glass fibre. To broaden the
investigation, it would be beneficial to implement various types of fibres
including carbon, armaid and basalt fibres into the study to analyse the
structural behaviour and impact response of FRP RC beams. This is very
important as different FRP bars have various mechanical and physical
properties and thus the overall behaviour could be different.
4) The current study investigated a hybrid type system, where steel
reinforcement and GFRP was used for reinforcing the concrete beams.
However, in marine type environments, the implementation of structural
components such as beams with steel reinforcement would be impractical.
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This is due to the possibility of the corrosive behaviour of the steel
reinforcement during the service life of the beam. Thus to prevent this,
incorporating the use of longitudinal and shear reinforcement in the form of
FRP would be highly recommended.
5) For validation of dynamic equilibrium more accurately, it would be suggested
to attach accelerometers evenly spaced across the span of the concrete beams
for measurement of acceleration. Inertial resistance in the current study was
not properly verified as it was assumed as the difference between impact
force and total support reaction forces.

6) The two degree of freedom mass spring system for a dynamic punching shear
failure response was shown to validate the response of the GFRP RC beams
under impact loading with a high degree of accuracy. Thus a new type of
model is not recommended for this study. However, alternative suggestions
include using a mass spring system with the addition of an extra mass to
account for the drop hammer. This would allow for studying impact of any
body with any velocity. However, the relationship between the impact energy
and the dimensions of the shear plug may not be able to solve because they
will vary depending on the impact load. This requires future studies to
establish this relationship.
7) For validation of experimental results and further investigate this research
area, the use of a FEM software program such as ABAQUS would be highly
recommended to model the beams under both static and impact loading.
Furthermore, a nonlinear analysis for impact response of FRP RC beams is
recommended; determination of the moment curvature relationship of the
FRP RC beam thorough sectional analysis and considering for the strain-rate
effects of the concrete and FRP reinforcement.
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Appendix A: Calculation of Nominal Capacities of GFRP RC Beams

Appendix A provides examples and step by step calculation of the nominal moment
shear capacities for the GFRP RC beams using ACI (2015) and CSA (2012).
Preliminary material results from experimental testing were used to calculate the
capacities. All the safety and strength factors were assumed as 1.0. The calculations
are based on the assumption that the compressive reinforcement is ignored (singly
reinforced GFRP RC beams). Calculations for both failure modes (FRP
reinforcement rupture and concrete crushing) are provided. Static loading was chosen
as the nominal load carrying capacity can be obtained for three and four point
bending. Nominal load carrying capacity cannot be calculated for the GFRP RC
beams under impact loading.

A.1. Design Criteria:


Dimensions:
o 𝑏 = 100 mm
o ℎ = 150 mm,
o Cover = 15 mm
o 𝐿 = 2m



Assumed Concrete Strain:
o 𝜀𝑐𝑢 = 0.003 (ACI 2015)
o 𝜀𝑐𝑢 = 0.0035 (CSA 2012)



Concrete Compressive Strength for Series I (On a Day of Static Testing):
o 55.4 MPa (Normal strength concrete)
o 70.8 MPa (High strength concrete)



Concrete Compressive Strength for Series II (On a Day of Static Testing):
o 95.2 MPa (High strength concrete)
o 116 MPa (High strength concrete)



Steel Stirrups Properties (From Preliminary Material Testing):
o Mean yield strength (583 MPa)
o Mean elastic modulus (158 GPa)
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o ∅ = 4 mm
o 𝑠 = 100 mm (series I), 𝑠 = 50 mm (series II)


GFRP Bar Properties (From Preliminary Material Testing):
o For #2S GFRP reinforcement bars - ∅ = 6.35 mm, reinforcement bar
area (31.7 mm2), mean tensile strength (732 MPa), mean rupture
strain (1.96%) and mean elastic modulus (37.5 GPa).
o For #3HM GFRP reinforcement bars - ∅ = 9.53 mm reinforcement
bar area (71.3 mm2), mean tensile strength (1764 MPa), mean rupture
strain (3.18%) and mean elastic modulus (55.6 GPa).
o For #4HM GFRP reinforcement bars - ∅ = 12.7 mm, reinforcement
bar area (126.7 mm2), mean tensile strength (1605 MPa), mean
rupture strain (3.30%) and mean elastic modulus (48.6 GPa).
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A.2. GFRP RC Beam 40I-#3HM-1.0-S


A.2.1 Calculation for Flexural Strength (Nominal Moment and Load
Carrying Capacities)
o (ACI 2012)

Reinforcement Ratio

𝜌𝑓 =

𝐴𝑓
2 × 71.3
=
× 100 = 1.13%
𝑏𝑑 100 × (150 − 15 − 4 − 9.53)
2

Balanced Reinforcement Ratio

𝜌𝑓𝑏 = 0.85𝛽1

𝐸𝑓 𝜀𝑐𝑢
𝑓′𝑐
𝑓𝑓𝑢 𝐸𝑓 𝜀𝑐𝑢 + 𝑓𝑓𝑢

𝛽1 = (0.85 − 0.05 (

55.4 − 28
)) = 0.65 OK
7

∴ 𝜌𝑓𝑏 = (0.85 × 0.65 ×

55.4
55600 × 0.003
×
) × 100 = 0.15%
1764 55600 × 0.003 + 1764

Since 𝜌𝑓 > 𝜌𝑓𝑏 , concrete crushing governs.
Stress in the FRP reinforcement at compressive failure

2

0.85𝛽1 𝑓 ′ 𝑐
(𝐸𝑓 𝜀𝑐𝑢 )
𝑓𝑓 = √
+
𝐸𝑓 𝜀𝑐𝑢 − 0.5𝐸𝑓 𝜀𝑐𝑢 ≤ 𝑓𝑓𝑢
4
𝜌𝑓
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(55600 × 0.003)2 0.85 × 0.65 × 55.4
= √
+
× 55600 × 0.003 − 0.5 × 55600
4
0.0113
× 0.003
= 596 MPa ≤ 1764MPa OK
Nominal Moment Capacity

For 𝜌𝑓 > 𝜌𝑓𝑏 , 𝑀𝑛 = 𝜌𝑓 𝑓𝑓 (1 − 0.59

∴ 𝑀𝑛 = 0.0113 × 596 × (1 − 0.59

𝜌𝑓 𝑓𝑓
) 𝑏𝑑2
𝑓′𝑐

0.0113 × 596
) × 100 × (126.2)2
55.4

= 9.97 kN. m
Nominal Load Carrying Capacity for Static Testing (Four Point Bending)

𝑃𝑛 =

6𝑀𝑛 6 × 9.97
=
𝐿
2

= 29.9 kN
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A.3. GFRP RC Beam 40I-#3HM-1.0-S


A.3.1 Calculation for Flexural Strength (Nominal Moment and Load
Carrying Capacities)
o (CSA 2012)

Step 1 - Assume the GFRP RC beam is over-reinforced and thus failure will be
initiated by crushing of the concrete cover on the top surface
Step 2 - Set the ultimate strain at the extreme compression fibre to 𝜀𝑐𝑢 = 0.0035
Step 3 - Calculate equivalent stress block factors
𝛼1 = 0.85 − 0.0015 × 55.4 = 0.77 ≥ 0.67 OK
𝛽1 = 0.97 − 0.0025 × 55.4 = 0.83 ≥ 0.67 OK
Step 4 - Approximate the level of stress in the tensile FRP reinforcement (𝑓𝑓 )
Assume 𝑓𝑓 = 688 MPa < 𝑓𝑓𝑢 (𝑓𝑓𝑢 = 1764 MPa)

Step 5 - Calculate FRP tensile force,
𝑇 = 𝐴𝑓 𝑓𝑓 = (71.3 × 2) × 688 = 98109 N ≈ 98 kN
Step 6 - Calculate concrete compression force in terms of 𝑐,
𝐶 = 𝛼1 𝛽1 𝑏𝑓′𝑐 𝑐 = 0.77 × 0.83 × 100 × 55.4 × 𝑐 = 3541𝑐
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Step 7 - Equate forces 𝑇 and 𝐶 to determine neutral axis depth

𝑐=

98109
= 27.7 mm
3541

Step 8 - Determine strain in FRP reinforcement (𝜀𝑓 ) using similar triangles
9.53
(150 − 15 − 4 − 2 ) − 27.7
𝑑−𝑐
𝜀𝑓 = 𝜀𝑐𝑢 × (
) = 0.0035 × (
) = 0.01245
𝑐
27.7

Step 9 - Calculate stress level in the FRP reinforcement,
𝑓𝑓 = 𝜀𝑓 𝐸𝑓 = 0.01245 × 55600 = 692 MPa

Step 10 - Check calculated stress in FRP reinforcement from step 9 equals assumed
stress from step 4
Calculated stress 𝑓𝑓 = 692 MPa is approximately equal to estimated stress 𝑓𝑓 =
688 MPa. Therefore an iterative process is not required.

Step 11 - Check step 1, by ensuring GFRP RC beam is over-reinforced with
calculated stress level (step 9) is less than ultimate tensile strength of FRP
reinforcement (𝑓𝑓𝑢 )
Calculated stress 𝑓𝑓 = 692 MPa is less than 𝑓𝑓𝑢 = 1764. Therefore GFRP RC beam
is over-reinforced.

Step 12 - Calculate flexural strength/nominal moment capacity

𝑀𝑛 = 𝐴𝑓 𝑓𝑓 (𝑑 −

𝛽1 𝑐
0.83 × 27.7
) = (71.3 × 2) × 692 × (126.24 − (
))
2
2
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= 11.3 kNm
Step 13 – Calculate nominal load carrying capacity

𝑃𝑛 =

6𝑀𝑛 6 × 11.3
=
= 33.9 kN
𝐿
2
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A.3. GFRP RC Beam 120II-#2S-0.5-S


A.3.1 Calculation for Flexural Strength (Nominal Moment and Load
Carrying Capacities)
o (ACI 2012)

Reinforcement Ratio

ρf =

Af
2 × 31.7
=
× 100 = 0.5%
bd 100 × (150 − 15 − 4 − 6.35)
2

Balanced Reinforcement Ratio

ρfb = 0.85β1

f′c Ef εcu
ffu Ef εcu + ffu

β1 = (0.85 − 0.05 (

116 − 28
)) = 0.22, ∴ β1 = 0.65
7

∴ ρfb = (0.85 × 0.65 ×

116
37500 × 0.003
×
) × 100 = 1.17%
732 37500 × 0.003 + 732

Since ρf < ρfb , FRP rupture governs.
Distance from extreme compression fibre to neutral axis depth at strain condition

cb = (

=(

εcu
)d
εcu + εfu

0.003
6.35
) × (150 − 15 − 4 −
) = 17 mm
0.003 + 0.0196
2

Nominal Moment Capacity
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For ρf < ρfb , Mn = Af ffu (d −

β1 cb
)
2

∴ Mn = 63.4 × 732 × (127.83 −

0.65 × 17
)
2

= 5.67 kNm
Nominal Load Carrying Capacity for Static Testing (Three Point Bending)

Pn =

4Mn 4 × 5.67
=
L
2

= 11.3 kN
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A.4. GFRP RC Beam 120II-#2S-0.5-S


A.4.1 Calculation for Flexural Strength (Nominal Moment and Load
Carrying Capacities)
o (CSA 2012)

Step 1 - Assume a concrete strain (𝜀𝑐 ) below ultimate limit of 0.0035 (𝜀𝑐 < 0.0035)
Assume 𝜀𝑐 = 0.0017
Step 2 - Set strain and tensile strength in FRP reinforcement to ultimate limits
𝜀𝑓 = 𝜀𝑓𝑢 = 0.0196 = 1.96%
𝑓𝑓 = 𝑓𝑓𝑢 = 732 MPa

Step 3 - Calculate equivalent stress block factors
𝜀
4−𝜀𝑐

0.0017
𝑐𝑢
0.0035 = 0.70
𝛽1 =
=
2 × 0.0017
2𝜀𝑐
6−
6−𝜀
0.0035
𝑐𝑢
4−

𝜀𝑐 1 𝜀𝑐 2 0.0017 1 0.0017 2
− (
)
𝜀 − 3 (𝜀𝑐𝑢 )
𝛼1 = 𝑐𝑢
= 0.0035 3 0.0035 = 0.58
𝛽1
0.70
Step 4 - Calculate FRP tensile force
𝑇 = 𝐴𝑓 𝑓𝑓𝑢 = (31.7 × 2) × 732 = 46409 N

A-11

Appendix A: Calculation of Nominal Capacities of GFRP RC Beams

Step 5 - Calculate concrete compression force in terms of 𝑐
𝐶 = 𝛼1 𝛽1 𝑏𝑓 ′ 𝑐 𝑐 = 0.58 × 0.70 × 100 × 116 × 𝑐 = 4710𝑐
Step 6 - Equate forces 𝑇 and 𝐶 to determine neutral axis depth

𝑐=

𝐴𝑓 𝑓𝑓𝑢
46409
=
= 9.9 mm
𝛼1 𝛽1 𝑏𝑓′𝑐
4710

Step 7 - Determine concrete strain on extreme compression fibre using similar
triangles

𝜀𝑐 = 𝜀𝑓𝑢 × (

𝑐
9.9
) = 0.0196 × (
) = 0.0016
6.35
𝑑−𝑐
(150 − 15 − 4 − 2 ) − 9.9

Step 8 - Check calculated concrete strain from step 7 equals assumed concrete strain
from step 2
Calculated strain from step 7 (𝜀𝑐 = 0.0016) is approximately equal to assumed strain
from step 2 (𝜀𝑐 = 0.0017). Therefore an iterative process is not required
Step 9 - Calculate flexural strength/nominal moment capacity

𝑀𝑛 = 𝐴𝑓 𝑓𝑓𝑢 (𝑑 −

𝛽1 𝑐
0.7 × 9.9
) = 46409 × (127.83 −
) = 5.7 kNm
2
2

Step 10 – Calculate nominal load carrying capacity

𝑃𝑛 =

4𝑀𝑛 4 × 5.7
=
= 11.4 kN
𝐿
2
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Appendix B: Calculation of Deflection

Appendix B provides an example of calculation of deflection using the model for
effective moment of inertia adopted by ACI (2015). The procedure is the same for
the other existing models for effective moment of inertia. Preliminary material
results from experimental testing were used to calculate the deflection. GFRP RC
beam 40I-#3HM-1.0-S was used for analysis.
Note: Deflection calculations were done for GFRP RC beams under static loading
only.

B.1. GFRP RC Beam 40I-#3HM-1.0-S


A.4.1 Calculation for Deflection
o (ACI 2015)

Step 1 - Calculate gross moment of inertia
𝑏ℎ3 100 × 1503
𝐼𝑔 =
=
= 28125000 mm4
12
12
Step 2 - Calculate cracking moment

𝑀𝑐𝑟 =

0.62𝜆√𝑓′𝑐 𝐼𝑔 0.62 × 1 × √55.4 × 28125000
=
= 1730524.8 Nmm
150
𝑦𝑡
( 2 )

Step 3 - Calculate cracking load (Four point bending)

𝑃𝑐𝑟 =

6𝑀𝑐𝑟 6 × 1730524.8
=
= 5.2 kN
𝐿
2000

Note: For three point bending, 𝑃𝑐𝑟 =

4𝑀𝑐𝑟
𝐿
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Step 4 - Calculate cracking deflection (Four point bending)

∆𝑐𝑟 =

𝑃𝑐𝑟 × 𝑎 × (3𝐿2 − 4𝑎2 )
5200 × 667 × (3 × 20002 − 4 × 6672 )
=
= 0.75 mm
48 × 𝐸𝑐 × 𝐼𝑔
48 × (4700 × √55.4) × 28125000

Note: For three point bending, ∆𝑐𝑟 =

𝑃𝑐𝑟 × 𝐿3
48 × 𝐸𝑐 × 𝐼𝑔

Step 5 - Calculate deflection increments from initial loading to cracking load using
equation in step 4, but replace 𝑃𝑐𝑟 with applied load, 𝑃. Increment size of 200 N was
chosen for this example. Table B.1 reports applied load and deflection values up to
cracking load.
Table B.1 Load-Deflection Data Points Pre-Cracking
Applied Load, 𝑷 (N)
0
200
400
600
800
1000
1200
1400
1600
1800
2000
2200
2400
2600
2800
3000
3200
3400
3600
3800
4000
4200
4400
4600
4800
5000
5200 (𝑷𝒄𝒓 )
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0
0.03
0.06
0.09
0.12
0.14
0.17
0.20
0.23
0.26
0.29
0.32
0.35
0.38
0.40
0.43
0.46
0.49
0.52
0.55
0.58
0.61
0.64
0.66
0.69
0.72
0.75
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Step 6 - Plot data points from Table B.1 for load-deflection behaviour pre-cracking

6000
5000

Load (N)

4000
3000
2000
1000
0
0

0.2

0.4
Deflection (mm)

0.6

0.8

Figure B.1 Load-Deflection Curve Pre-Cracking
Step 7 - After cracking load (𝑃 > 𝑃𝑐𝑟 ), calculate deflection for various levels of
applied load using effective moment of inertia equation adopted by ACI (2015). For
GFRP RC beam 40I-#3HM-1.0-S, experimental load carrying capacity at peak 1 was
39.2 kN. Thus applied load for post-cracking must be in the range of 5.2 kN < 𝑃 ≤
39.2 kN. Applied load increments post-cracking were 1000 N, starting from 6.2 kN.
An example calculation of deflection at a particular applied load greater than
cracking load is shown. An applied load of 19.2 kN was chosen (this applied load has
no special meaning).

Step 8 - Calculate ratio of FRP elastic modulus to concrete elastic modulus

𝑛𝑓 =

𝐸𝑓
𝐸𝑓
55600
=
=
= 1.59
𝐸𝑐 4700√𝑓′𝑐 4700√55.4
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Step 9 - Calculate ratio of depth of neutral axis to reinforcement depth

𝑘 = √2𝜌𝑓 𝑛𝑓 + (𝜌𝑓 𝑛𝑓 )2 − 𝜌𝑓 𝑛𝑓

= √2 × 0.01 × 1.59 + (0.01 × 1.59)2 − 0.01 × 1.59
= 0.16

Step 10 - Calculate moment of inertia of transformed cracked section

𝐼𝑐𝑟 =

=

𝑏𝑑3 3
𝑘 + 𝑛𝑓 𝐴𝑓 𝑑 2 (1 − 𝑘)2
3

100 × 126.243
× 0.163 + 1.59 × 142.6 × 126.242 × (1 − 0.16)2
3

= 2824265 mm4

Step 11 - Calculate parameter to account for the variation in stiffness along the
length of the beam
𝛾 = 1.7 − 0.7(𝑀𝑐𝑟 ⁄𝑀𝑎 ) for four point bending
19200 × 2000
= 1.7 − 0.7 (1730524.8⁄(
))
6
= 1.51
Note: For three point bending, 𝛾 = 3 − 2(𝑀𝑐𝑟 ⁄𝑀𝑎 )
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Step 12 - Calculate effective moment of inertia for this particular applied load.

𝐼𝑒 =

𝐼𝑐𝑟
𝑀 2
𝐼
1 − 𝛾 ( 𝑀𝑐𝑟 ) [1 − 𝐼𝑐𝑟 ]
𝑎

𝑔

2824265

=

2

1730524.8
2824265
1 − 1.51 × ( 19200 × 2000 ) [1 −
]
28125000
6
= 3135684.4 mm4

Step 13 - Calculate deflection at the particular applied load.

∆=

=

𝑃 × 𝑎 × (3𝐿2 − 4𝑎2 )
48 × 𝐸𝑐 × 𝐼𝑒

19200 × 667 × (3 × 20002 − 4 × 6672 )
48 × 4700 × √55.4 × 3135684.4

= 24.86 mm @ 𝑃 = 19.2 kN

Note: For three point bending, ∆ =

𝑃 × 𝐿3
48 × 𝐸𝑐 × 𝐼𝑒

Step 14 - Calculate deflection for various levels of applied load using effective
moment of inertia equation adopted by ACI (2015). For GFRP RC beam 40 I-#3HM1.0-S, experimental load carrying capacity at peak 1 was 39.2 kN. Thus applied load
for post-cracking must be in the range of 5.2 kN < 𝑃 ≤ 39.2 kN. Applied load
increments post-cracking were 1000 N, starting from 6.2 kN. Table B.2 reports the
data points for applied load and deflection post-cracking.
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Table B.2 Load-Deflection Data Points Post-Cracking
Applied Load, 𝑷 (N)
6200
7200
8200
9200
10200
11200
12200
13200
14200
15200
16200
17200
18200
19200
20200
21200
22200
23200
24200
25200
26200
27200
28200
29200
30200
31200
32200
33200
34200
35200
36200
37200
38200
39200
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2.65
4.57
6.45
8.28
10.08
11.82
13.54
15.22
16.87
18.51
20.12
21.72
23.30
24.87
26.43
27.97
29.51
31.04
32.57
34.09
35.60
37.11
38.61
40.11
41.61
43.10
44.59
46.07
47.56
49.04
50.52
52.00
53.47
54.94
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Step 15 - Plot data points from Table B.2 for load-deflection behaviour post-cracking
(Figure B.2)

45000
40000

Load (kN)

35000
30000
25000
20000
15000
10000
5000
0
0

10

20
30
40
Deflection (mm)

50

60

Figure B.2 Load-Deflection Behaviour Post-Cracking
Step 16 – Combine pre-and post-cracking load-deflection behaviour (Figure B.3)

45
40

Load (kN)

35
30
25
20
15
10
5
0
0

10

20
30
40
Deflection (mm)

50

Figure B.3 Predicted Load-Deflection Behaviour
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Step 17 – Compare with experimental load-deflection with predicted load-deflection
behaviour (Figure B.4)

45
40

35

Load (kN)

30
25
20
Experimental

15
10

Load-deflection using model
adopted by ACI (2015)

5
0
0

20

40
Deflection (mm)

60

80

Figure B.4 Predicted and Experimental Load-Deflection Behaviour
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GFRP RC Beam 40I-#2S-0.5-S
___________________________________________________________________

Concrete Strength Details
Concrete Strength: 55.4 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

127.8 mm

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #2S

Reinforcement Ratio:

0.50%

Reinforcement Area: 63.4 mm2

Transverse Reinforcement Details
Stirrup Spacing:

100 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.25%

Nominal Moment Capacities
(ACI 2015)

(CSA 2012)

5.7 kNm

5.6 kNm

Experimental Results (Static)
Moment Capacity:

4.6 kNm

Mid-Span Deflection:

52.2 mm

Load Carrying Capacity:

13.8 kN

Cracking Load:

4.2 kN

Failure Mode: Balanced Failure (Peak 1)

Figure C.1 Failure of GFRP RC Beam 40I-#2S-0.5-S
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GFRP RC Beam 40I-#3HM-1.0-S
__________________________________________________________________________

Concrete Strength Details
Concrete Strength: 55.4 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

126.2 mm

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #3HM

Reinforcement Ratio:

1.0%

Reinforcement Area: 142.6 mm2

Transverse Reinforcement Details
Stirrup Spacing:

100 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.25%

Nominal Moment Capacities
(ACI 2015)

(CSA 2012)

10.0 kNm

11.2 kNm

Experimental Results (Static)
Moment Capacity:

13.1 kNm

Mid-Span Deflection:

60.4 mm

Load Carrying Capacity:

39.2 kN

Cracking Load:

3.1 kN

Failure Mode: Concrete Crushing (Peak 1)

Figure C.2 Failure of GFRP RC Beam 40I-#3HM-1.0-S
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GFRP RC Beam 40I-#4HM-2.0-S
__________________________________________________________________________

Concrete Strength Details
Concrete Strength: 55.4 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

124.7 mm

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #4HM

Reinforcement Ratio:

2.0%

Reinforcement Area: 253.4 mm2

Transverse Reinforcement Details
Stirrup Spacing:

100 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.25%

Nominal Moment Capacities
(ACI 2015)

(CSA 2012)

11.6 kNm

13.1 kNm

Experimental Results (Static)
Moment Capacity:

16.6 kNm

Mid-Span Deflection:

59.9 mm

Load Carrying Capacity:

49.7 kN

Cracking Load:

2.3 kN

Failure Mode: Concrete Crushing (Peak 1)

Figure C.3 Failure of GFRP RC Beam 40I-#4HM-2.0-S
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GFRP RC Beam 80I-#2S-0.5-S
__________________________________________________________________________

Concrete Strength Details
Concrete Strength: 70.8 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

127.8 mm

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #2S

Reinforcement Ratio:

0.50%

Reinforcement Area: 63.4 mm2

Transverse Reinforcement Details
Stirrup Spacing:

100 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.25%

Nominal Moment Capacities
(ACI 2015)

(CSA 2012)

5.7 kNm

5.6 kNm

Experimental Results (Static)
Moment Capacity:

5.2 kNm

Mid-Span Deflection:

54.5 mm

Load Carrying Capacity:

15.5 kN

Cracking Load:

3.5 kN

Failure Mode: GFRP Rupture (Peak 1)

Figure C.4 Failure of GFRP RC Beam 80I-#2S-0.5-S
C-6

Appendix C: GFRP RC Beam Details

GFRP RC Beam 80I-#3HM-1.0-S
__________________________________________________________________________

Concrete Strength Details
Concrete Strength: 70.8 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

126.2 mm

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #3HM

Reinforcement Ratio:

1.0%

Reinforcement Area: 142.6 mm2

Transverse Reinforcement Details
Stirrup Spacing:

100 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.25%

Nominal Moment Capacities
(ACI 2015)

(CSA 2012)

11.5 kNm

12.5 kNm

Experimental Results (Static)
Moment Capacity:

14.2 kNm

Mid-Span Deflection:

56.3 mm

Load Carrying Capacity:

42.6 kN

Cracking Load:

4.0 kN

Failure Mode: Concrete Crushing (Peak 1)

Figure C.5 Failure of GFRP RC Beam 80I-#3HM-1.0-S
C-7

Appendix C: GFRP RC Beam Details

GFRP RC Beam 80I-#4HM-2.0-S
__________________________________________________________________________

Concrete Strength Details
Concrete Strength: 55.4 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

124.7 mm

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #4HM

Reinforcement Ratio:

2.0%

Reinforcement Area: 253.4 mm2

Transverse Reinforcement Details
Stirrup Spacing:

100 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.25%

Nominal Moment Capacities
(ACI 2015)

(CSA 2012)

13.4 kNm

14.6 kNm

Experimental Results (Static)
Moment Capacity:

16.5 kNm

Mid-Span Deflection:

47.3 mm

Load Carrying Capacity:

49.5 kN

Cracking Load:

3.8 kN

Failure Mode: Concrete Crushing (Peak 1)

Figure C.6 Failure of GFRP RC Beam 80I-#4HM-2.0-S
C-8

Appendix C: GFRP RC Beam Details

GFRP RC Beam 40I-#2S-0.5-I
__________________________________________________________________________

Concrete Strength Details
Concrete Strength: 57.4 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

127.8 mm

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #2S

Reinforcement Ratio:

0.50%

Reinforcement Area: 63.4 mm2

Transverse Reinforcement Details
Stirrup Spacing:

100 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.25%

Experimental Results (Impact)
Dynamic Bending Resistance:

20 kN

Dynamic Mid-Span
Deflection:

Failure Mode: Balanced failure with vertical cracks

* Data not captured

Figure C.7 Failure of GFRP RC Beam 40I-#2S-0.5-I

C-9

*

Appendix C: GFRP RC Beam Details

GFRP RC Beam 40I-#3HM-1.0-I
__________________________________________________________________________

Concrete Strength Details
Concrete Strength: 57.4 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

126.2 mm

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #3HM

Reinforcement Ratio:

1.0%

Reinforcement Area: 142.6 mm2

Transverse Reinforcement Details
Stirrup Spacing:

100 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.25%

Experimental Results (Impact)
Dynamic Bending Resistance:

34 kN

Dynamic Mid-Span
Deflection:

57.5 mm

Failure Mode: Minor concrete crushing of cover and minor shear cracking around
impact zone (After drop 1)

Figure C.8 Failure of GFRP RC Beam 40I-#3HM-1.0-I (Post Drop 2)

C-10

Appendix C: GFRP RC Beam Details

GFRP RC Beam 40I-#4HM-2.0-I
__________________________________________________________________________

Concrete Strength Details
Concrete Strength: 57.4 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

124.7 mm

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #4HM

Reinforcement Ratio:

2.0%

Reinforcement Area: 253.4 mm

2

Transverse Reinforcement Details
Stirrup Spacing:

100 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.25%

Experimental Results (Impact)
Dynamic Bending Resistance:

36 kN

Dynamic Mid-Span
Deflection:

52.3 mm

Failure Mode: Minor concrete crushing of cover and minor shear cracking around
impact zone (After drop 1)

Figure C.9 Failure of GFRP RC Beam 40I-#4HM-2.0-I (Post Drop 2)
C-11

Appendix C: GFRP RC Beam Details

GFRP RC Beam 80I-#2S-0.5-I
__________________________________________________________________________

Concrete Strength Details
Concrete Strength: 72.3 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

127.8 mm

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #2S

Reinforcement Ratio:

0.50%

Reinforcement Area: 63.4 mm2

Transverse Reinforcement Details
Stirrup Spacing:

100 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.25%

Experimental Results (Impact)
Dynamic Bending Resistance

22 kN

Dynamic Mid-Span
Deflection:

*

Failure Mode: GFRP tensile and compressive rupture with crushing of concrete cover

* Data not captured

Figure C.10 Failure of GFRP RC Beam 80I-#2S-0.5-I

C-12
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GFRP RC Beam 80I-#3HM-1.0-I
__________________________________________________________________________

Concrete Strength Details
Concrete Strength: 72.3 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

126.2 mm

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #3HM

Reinforcement Ratio:

1.0%

Reinforcement Area: 142.6 mm2

Transverse Reinforcement Details
Stirrup Spacing:

100 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.25%

Experimental Results (Impact)
Dynamic Bending Resistance

36 kN

Dynamic Mid-Span
Deflection:

43.8 mm

Failure Mode: Minor concrete crushing of cover and minor shear cracking around
impact zone (After drop 1)

Figure C.11 Failure of GFRP RC Beam 80I-#3HM-1.0-I (Post Drop 2)
C-13
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GFRP RC Beam 80I-#4HM-2.0-I
__________________________________________________________________________

Concrete Strength Details
Concrete Strength: 72.3 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

124.7 mm

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #4HM

Reinforcement Ratio:

2.0%

Reinforcement Area: 253.4 mm2

Transverse Reinforcement Details
Stirrup Spacing:

100 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.25%

Experimental Results (Impact)
Dynamic Bending Resistance

40 kN

Dynamic Mid-Span
Deflection:

51.6 mm

Failure Mode: Minor concrete crushing of cover and minor shear cracking around
impact zone

Figure C.12 Failure of GFRP RC Beam 80I-#4HM-2.0-I (Post Drop 2)
C-14
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Series II

C-15

Appendix C: GFRP RC Beam Details

GFRP RC Beam 80II-#2S-0.5-S
__________________________________________________________________________

Concrete Strength Details
Concrete Strength: 95.2 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

127.8 mm

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #2S

Reinforcement Ratio:

0.50%

Reinforcement Area: 63.4 mm2

Transverse Reinforcement Details
Stirrup Spacing:

50 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.50%

Nominal Moment Capacities
(ACI 2015)

(CSA 2012)

5.7 kNm

5.6 kNm

Experimental Results (Static)
Moment Capacity:

7.5 kNm

Mid-Span Deflection:

81.8 mm

Load Carrying Capacity:

15.0 kN

Cracking Load:

3.1 kN

Failure Mode: GFRP Rupture

Figure C.13 Failure of GFRP RC Beam 80II-#2S-0.5-S
C-16
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GFRP RC Beam 80II-#3HM-1.0-S
__________________________________________________________________________

Concrete Strength Details
Concrete Strength: 95.2 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

126.2 mm

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #3HM

Reinforcement Ratio:

1.0%

Reinforcement Area: 142.6 mm2

Transverse Reinforcement Details
Stirrup Spacing:

50 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.25%

Nominal Moment Capacities
(ACI 2015)

(CSA 2012)

13.6 kNm

13.9 kNm

Experimental Results (Static)
Moment Capacity:

16.5 kNm

Mid-Span Deflection:

62.6 mm

Load Carrying Capacity:

33 kN

Cracking Load:

3.8 kN

Failure Mode: Concrete crushing of cover (Peak 1)

Figure C.14 Failure of GFRP RC Beam 80II-#3HM-1.0-S
C-17
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GFRP RC Beam 80II-#4HM-2.0-S
__________________________________________________________________________

Concrete Strength Details
Concrete Strength: 95.2 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

124.7 mm

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #4HM

Reinforcement Ratio:

2.0%

Reinforcement Area: 253.4 mm2

Transverse Reinforcement Details
Stirrup Spacing:

50 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.25%

Nominal Moment Capacities
(ACI 2015)

(CSA 2012)

16.0 kNm

16.3 kNm

Experimental Results (Static)
Moment Capacity:

23.1 kNm

Mid-Span Deflection:

58.3 mm

Load Carrying Capacity:

46.1 kN

Cracking Load:

4.0 kN

Failure Mode: Concrete crushing of cover (Peak 1)

Figure C.15 Failure of GFRP RC Beam 80II-#3HM-1.0-S
C-18
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GFRP RC Beam 120II-#2S-0.5-S
__________________________________________________________________________

Concrete Strength Details
Concrete Strength: 116 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

127.8 mm

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #2S

Reinforcement Ratio:

0.50%

Reinforcement Area: 63.4 mm2

Transverse Reinforcement Details
Stirrup Spacing:

50 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.50%

Nominal Moment Capacities
(ACI 2015)

(CSA 2012)

5.7 kNm

5.6 kNm

Experimental Results (Static)
Moment Capacity:

8.1 kNm

Mid-Span Deflection:

77.5 mm

Load Carrying Capacity:

16.2 kN

Cracking Load:

3.3 kN

Failure Mode: GFRP Rupture

Figure C.16 Failure of GFRP RC Beam 120II-#2S-0.5-S
C-19
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GFRP RC Beam 120II-#3HM-1.0-S
__________________________________________________________________________

Concrete Strength Details
Concrete Strength: 116 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

126.2 mm

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #3HM

Reinforcement Ratio:

1.0%

Reinforcement Area: 142.6 mm2

Transverse Reinforcement Details
Stirrup Spacing:

50 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.25%

Nominal Moment Capacities
(ACI 2015)

(CSA 2012)

15.2 kNm

14.6 kNm

Experimental Results (Static)
Moment Capacity:

20.9 kNm

Mid-Span Deflection:

73.3 mm

Load Carrying Capacity:

41.8 kN

Cracking Load:

3.5 kN

Failure Mode: Concrete crushing of cover (Peak 1)

Figure C.17 Failure of GFRP RC Beam 120II-#3HM-1.0-S
C-20

Appendix C: GFRP RC Beam Details

GFRP RC Beam 120II-#4HM-2.0-S
__________________________________________________________________________

Concrete Strength Details
Concrete Strength: 116 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

124.7 mm

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #4HM

Reinforcement Ratio:

2.0%

Reinforcement Area: 253.4 mm2

Transverse Reinforcement Details
Stirrup Spacing:

50 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.25%

Nominal Moment Capacities
(ACI 2015)

(CSA 2012)

18.0 kNm

17.2 kNm

Experimental Results (Static)
Moment Capacity:

26.1 kNm

Mid-Span Deflection:

64.3 mm

Load Carrying Capacity:

52.2 kN

Cracking Load:

3.0 kN

Failure Mode: Concrete crushing of cover (Peak 1)

Figure C.18 Failure of GFRP RC Beam 120II-#4HM-2.0-S
C-21
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GFRP RC Beam 120II-#3HM-1.0-I0.355
__________________________________________________________________________

Concrete Strength Details
Concrete Strength: 116.6 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

126.2 mm

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #3HM

Reinforcement Ratio:

1.0%

Reinforcement Area: 142.6 mm2

Transverse Reinforcement Details
Stirrup Spacing:

50 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.25%

Experimental Results (Impact)
Dynamic Bending Resistance:

49.7 kN

Dynamic Mid-Span
Deflection:

Failure Mode: Dynamic punching failure

Figure C.19 Failure of GFRP RC Beam 120II-#3HM-1.0-I0.355
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GFRP RC Beam 120II-#3HM-1.0-I0.533
__________________________________________________________________________

Concrete Strength Details
Concrete Strength: 116.6 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

126.2 mm

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #3HM

Reinforcement Ratio:

1.0%

Reinforcement Area: 142.6 mm2

Transverse Reinforcement Details
Stirrup Spacing:

50 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.25%

Experimental Results (Impact)
Dynamic Bending Resistance:

54.4 kN

Dynamic Mid-Span
Deflection:

Failure Mode: Dynamic punching failure

Figure C.20 Failure of GFRP RC Beam 120II-#3HM-1.0-I0.533
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GFRP RC Beam 120II-#3HM-1.0-I0.710
__________________________________________________________________________

Concrete Strength Details
Concrete Strength: 116.6 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

126.2 mm

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #3HM

Reinforcement Ratio:

1.0%

Reinforcement Area: 142.6 mm2

Transverse Reinforcement Details
Stirrup Spacing:

50 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.25%

Experimental Results (Impact)
Dynamic Bending Resistance:

*

Dynamic Mid-Span
Deflection:

≈ 170 mm

Failure Mode: Dynamic punching failure

* Data not captured

Figure C.21 Failure of GFRP RC Beam 120II-#3HM-1.0-I0.710
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GFRP RC Beam 120II-#4HM-2.0-I0.550
__________________________________________________________________________

Concrete Strength Details
Concrete Strength: 116 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

124.7

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #4HM

Reinforcement Ratio:

2.0%

Reinforcement Area: 253.4 mm2

Transverse Reinforcement Details
Stirrup Spacing:

50 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.25%

Experimental Results (Impact)
Dynamic Bending Resistance:

66.5 kN

Dynamic Mid-Span
Deflection:

Failure Mode: Dynamic punching failure

Figure C.22 Failure of GFRP RC Beam 120II-#4HM-2.0-I0.550

C-25
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GFRP RC Beam 120II-#4HM-2.0-I0.825
__________________________________________________________________________

Concrete Strength Details
Concrete Strength: 116 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

124.7

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #4HM

Reinforcement Ratio:

2.0%

Reinforcement Area: 253.4 mm2

Transverse Reinforcement Details
Stirrup Spacing:

50 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.25%

Experimental Results (Impact)
Dynamic Bending Resistance:

78.6 kN

Dynamic Mid-Span
Deflection:

129.5 mm

Failure Mode: Dynamic punching failure

Figure C.23 Failure of GFRP RC Beam 120II-#4HM-2.0-I0.825
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GFRP RC Beam 120II-#4HM-2.0-I1.1
__________________________________________________________________________

Concrete Strength Details
Concrete Strength: 116 MPa (At Testing)

Geometrical Details
Height:

150 mm

Width:

100 mm

Length:

2400 mm

Cover:

15 mm

Longitudinal Reinforcement Details
Effective Depth:

124.7

Reinforcement Bars:

2

Reinforcement Bar:

V-ROD #4HM

Reinforcement Ratio:

2.0%

Reinforcement Area: 253.4 mm2

Transverse Reinforcement Details
Stirrup Spacing:

50 mm

Stirrup Area:

25.1 mm2

Reinforcement Bar:

Steel

Transverse Reinforcement Ratio:

0.25%

Experimental Results (Impact)
Dynamic Bending Resistance:

*

Dynamic Mid-Span
Deflection:

Failure Mode: Dynamic punching failure

* Data not captured

Figure C.24 Failure of GFRP RC Beam 120II-#4HM-2.0-I1.1
C-27

249.5 mm
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MATLAB CODE

D-1

Appendix E: Response 2000

The MATLAB code provided (Table D.1.) is an example of the steps required for
defining the ordinary differential equations used to obtain dynamic mid-span
deflection (𝑤1). GFRP RC Beam 40I-#3HM-1.0-I is discussed below.
Table D.1 Step by Step Process for Defining the Ordinary Differential Equations
Step

MATLAB Code

Description
% Function - Computes
the derivatives involved in
solving the Lorenz

1. Define Function

functionxprime =
lorenz(t,x,f,r)

equations

% Variables in code
include - time (t),
displacement (x), force (f)
and resistance (r)

2. Define mass

m1=35/1000;

beam (units: tonne)

coefficients, 𝒎𝟏 and
𝒎𝟐

m2=4/1000;

3.Define damping

c1=4;

coefficients, 𝒄𝟏 and
𝒄𝟐

4. Define stiffness’s
for Resistance, 𝑹𝟏

% m1 = Effective mass of

c2=1;

% m2 = Mass shear block
(units: tonne)
% Damping coefficient c1
(units: kg/s)
% Damping coefficient c2
(units: kg/s)

k1=4900;

% Stiffness’s k1, k2 and

k2=618;

k3 of GFRP RC beam
from static testing (units:

k3=131;

D-2

N/mm)

Appendix E: Response 2000

% x(1) is defined as w1 or
if x(1)<0

deflection from static

r1=0;

testing
% If deflection < 0, R1 = 0
% Else, if deflection ≤ to

elseif x(1)<=0.68

cracking deflection (0.68

r1=k1*x(1);

mm, R1 = k1 multiplied
by deflection, x(1)
% Else, if deflection < 60
mm (at the intersection
point for stiffness’s k2 and

elseif x(1)<=60
r1=k1*0.68+k2*(x(1)-0.68);

k3), resistance R1 is the
addition of k1 multiplied
by cracking deflection +

5. Define Resistance,

k2 multiplied by

𝑹𝟏

(deflection minus cracking

(IF Function)

deflection)
% Else, if deflection is
greater than 60 mm,
resistance R1 is the
addition of k1 multiplied
by cracking deflection +
else

k2 multiplied by

r1=k1*0.68+k2*(60-

(deflection at interaction

0.68)+k3*(x(1)-60);

of stiffness’s k2 and k3
minus cracking deflection
+ stiffness k3 multiplied
by (deflection minus
deflection at intersection
of stiffness’s k2 and k3)

end
D-3

% End If function

Appendix E: Response 2000

6. Define, 𝒖

u=x(3)-x(1);
if u<0
r2=0;

% Deformation u is equal
to x(3) minus x(1)
% If u < 0, R2 =0
% First linear portion of
resistance, R2 curve. For u

elseif u<0.34
r2=129270*(u);

< 0.34 mm (half of
cracking deflection),
resistance R2 is equal to
k1=129270 N/mm
multiplied by u.
% Second linear portion of
resistance, R2 curve
(negative gradient). For u
less than or equal to

7. Define Resistance,

elseif u<=0.68

cracking deflection (0.68

𝑹𝟐

r2=-78571*u+70666;

mm), resistance R2 is
equal to -78571 multiplied

(IF Function)

by u + 70666 (y intercept).
k2 is equal to -78571
N/mm.
% Third linear portion of
resistance R2 curve
(positive gradient). For u
less than 3.56 (3.56 mm

elseif u<=3.56
r2=13717*u+8006.5;

was the maximum
deformation u, from
idealised model for bending
reinforcement), resistance
R2 is equal to 13717 × by u
+ 8006.5. k3 = 13717
N/mm.
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% Fourth linear portion of
resistance R2 curve
(negative gradient. For u
elseif u<=4

less than or equal to 4,

r2=-111792*u+454904;

resistance R2 is equal to 111782 multiplied by u +
454904. k4 is equal to
111792.
% Horizontal portion of

else
r2=7736.1;

resistance R2 curve. For u
greater than 4, resistance
R2 is equal to 7736.1. This
portion of curve is from
bilinear curve for stirrups

end

% End If function
% Four differential
equations, x’(1)=x(2),
x’(2)=((r2)-r1-

xprime=[x(2);((r2)-r18. Define Differential

c1*x(2))/m1;x(4);((f-c2*x(4)-

Equations

(r2))/m2);];

c1*x(2))/m1,
x’(3)=x(4) and x’(4)=((fc2*x(4)-(r2))/m2. Note:
equations must be
provided in MATLAB in
the chronological order of
x(1), x(2), x(3) and x(4) as
shown here.

9. End Code

end
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To solve the above function, a new code must be created, defined as “solutions”.
This code incorporates the idealised forcing function for a certain time interval,
solves the differential equations using the MATLAB code “ode45” and plots the
dynamic deflection time histories for the GFRP RC beams, see Table D.2.

Table D.2 Step By Step Process for Solving the Differential Equations
Step
1. Define
initial
Conditions

MATLAB Code

2. Input time
values (defined
as 𝒕𝒔𝒑𝒂𝒏)

tspan=[0 8.00E-05 0.00304 0.00984
0.01632 0.02598 0.03414 0.04626
0.05444 0.0637 0.08];

3. Input
impact force
values (defined
as 𝒇𝒇)
corresponding
to time values
from step 2

ff=1000*[0 340.44976 8.496604
32.72 54.27 65.095 73.007898
80.276945 76.3 66.533 39.65];

4. Solve
Differential
Equations

5. Plot
deformations
as a function
of time

x0=[0 0 0 0];

Description
% Initial conditions,
for t=0, x(1), x(2),
x(3) and x(4) equal 0
% Idealised forcing
function, 11 time
points from t=0 to
t=0.08
% Idealised forcing
function, 11 impact
force values
corresponding to
times ranging from
time t=0 to t=0.08

% Forcing function
values are multiplied
by 1000 to change
from kN to N
xx=[];
for i=1:11
[t,x]=ode45(@lorenz,tspan,x0,[],ff(i));
y=x(i,:);
xx=[xx;y];
end
xx
subplot(4,1,1)
plot(t,xx(:,1))
subplot(4,1,2)
plot(t,xx(:,2))
subplot(4,1,3)
plot(t,xx(:,3))
subplot(4,1,4)
plot(t,xx(:,4))
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% Solves the
ordinary differential
equations for the
given time span
% Plots the results
for the four first
order non-linear
ordinary differential
equations as a
function of time.
Graphs appear from
top to bottom in
order (x(1), x(2), x(3)
and x(4)) as
functions of time
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Figure D.1 shows the actual code implemented in MATLAB for solving the ordinary
differential equations.
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Figure D.1 MATLAB Code
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The following section provides a step by step guide in using Response 2000 for
calculating different features of the GFRP RC beams including flexural resistance
(nominal moment capacity), nominal load carrying capacity and mid-span deflection.
The guide below is for a GFRP RC beam in series I (GFRP RC Beam 40 I-#3HM-1.0S).

Step 1
The initial step (Step 1 of 4) under “Quick Define” requires the input parameters for
“Material Properties” including “Concrete Cylinder Strength”, “Long. Steel Yield
Strength”, “Transverse Steel Yield” and “Prestressed Steel Type” (Figure E.1).For
FRP materials, the tensile strength of the material should be inputted into “Long.
Steel Yield Strength”.

For this step by step guide, the material properties for the #3HM GFRP
reinforcement bars from preliminary material testing were used. The material
properties for #3HM GFRP reinforcement include elastic modulus of 55.6 GPa,
rupture strain of 3.18% and tensile strength of 1764 MPa, which is inserted into
“Long. Steel Yield Strength” as shown in Figure E.1. The “Concrete Cylinder
Strength” was 55.4 MPa and “Transverse Steel Yield” was 583 MPa. “Prestressed
Steel Type” was taken as none.
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Figure E.1 Quick Define - Step 1 of 4 for Response 2000 Analysis
Step 2 of 4 requires the geometrical dimensions and for a ‘Rectangle Section”, the
breadth was taken as 𝑏 = 100 mm and height taken as ℎ = 150 mm (Figure E.2).

Figure E.2 Quick Define - Step 2 of 4 for Response 2000 Analysis
Step 3 of 4 requires the “Top Non-Prestressed Reinforcement” (Compressive
Reinforcement)

and

“Bottom

Non-Prestressed

Reinforcement”

(Tensile

Reinforcement) to be added in, with the “Number of Bars”. The design
recommendations for FRP RC beams including ACI (2015) and CSA (2012) state
E-3
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that compressive reinforcement should not be used in flexure design. However,
compressive reinforcement was implemented in the software program since it was
used in experimental work, but the material properties were adjusted. The
compressive strength of the GFRP reinforcement bar was modified to be 55% the
tensile strength as reported by Mallick (1988) and Wu (1990) and the compressive
elastic modulus was changed to 80% of the tensile elastic modulus as reported by
Mallick (1988). “Number of Bars” is inputted as 2 for “Top Non-Prestressed
Reinforcement” and “Bottom Non-Prestressed Reinforcement”. The box “Select bar
by area” was ticked and the “Bar Area” of 71.3 mm2 was entered as shown in Figure
E.3.

Figure E.3 Quick Define - Step 3 of 4 for Response 2000 Analysis
Step 4 of 4 involves input parameters for “Transverse Steel” including “Stirrup
Type”, “Bar Area”, “Spacing” and “Clear Cover” as shown in Figure E.4. For this
guide, 4 mm diameter steel reinforcement was used in the form of “Closed Stirrup”.
“Bar Area” for 4 mm diameter was calculated as 13 mm2, with “Spacing” of stirrups
being 100 mm. The “Clear Cover”, from the tensile face to the transverse
reinforcement was taken as 15 mm. “Bottom Tendons” was ignored.
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Figure E.4 Quick Define - Step 4 of 4 for Response 2000 Analysis

By defining the material properties, Response 2000 provides an output page
according to the input data as shown in Figure E.5 including geometric properties,
stress-strain curves for concrete and longitudinal/transverse reinforcement and crosssectional details.

Figure E.5 Geometrical and Material Properties for GFRP RC Beam for Response
2000 Analysis
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As a default, the basic shape of concrete “Base Curve” (stress-strain curve) is
adopted by Collins and Mitchell (1991), which is for unconfined concrete. However
if confined concrete is required, the “Segmental” option under “Base Curve” can be
used by inputting in data obtained using a confined concrete model (Cusson and
Paultre 1995, Mander et al. 1988, Saatcioglu and Razvi 1992, Sheikh and Uzumeri
1982). Even though the GFRP RC beams have areas where the concrete is confined
due to the transverse reinforcement, the default “Base Curve” and “Comp.
Softening” (Vecchio and Collins 1986) will be used for this step by step analysis. For
“Tension Stiffening” see Bentz (2000) for further information. To model the concrete
material properties as shown in Figure E.6, click “Define”, then “Material
Properties” and select “Detailed 𝑓′𝑐 ”. The default parameters were used, with the
exclusion of “Aggregate Size” modified to 10 mm since this was used in this
research. The “Tension Strength” is automatically calculated based on “Cylinder
Strength” using the following equation, 0.45(𝑓 ′ 𝑐 )

0.4

. “Peak Strain” is also

automatically calculated based on “Cylinder Strength”, with the default value of 1.0
used for “Tension Stiff Factor”.

Figure E.6 Concrete Material Properties for Response 2000 Analysis
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The material properties of the GFRP reinforcement must be altered to create a linearelastic material. To model the reinforcement material properties as shown in Figure
E.7Error! Reference source not found., click “Define”, then “Material Properties”
and select “Detailed 𝑓𝑦 ”. To ensure the results are not conservative, as per the
Response 2000 “Bugs” page, the “Rupture Strain” should be doubled, with the actual
rupture strain, 3.18% (0.0318 mm/mm) in this case inputted into the “e-Strain
Hardening” box, or 31.8 mm/m. Since GFRP reinforcement does not exhibit
yielding, the tensile strength of the material should be entered into the “Yield
Strength” and “Ultimate Strength” boxes. The “Elastic Modulus” for the GFRP
reinforcement bar was 55600 MPa. The material properties for the GFRP
reinforcement bars in tension are defined as “Long-T” (Figure E.7) and for
compression, “Long-C” (Figure E.8). For transverse reinforcement detail properties,
defined as “Trans”, all default values were used, with the exception of “Ultimate
Strength” modified to 640 MPa and “Elastic Modulus”, modified to 158 GPa (Figure
E.9). The GFRP reinforcement then must be amended under “Longitudinal
Reinforcement” to ensure the material properties are given to the tensile and
compressive bars. For the “top” bars, “Long-T” is selected from the “Rebar type”
box and for “bot” bars, “Long-C” is selected (Figure E.10). A modified stress-strain
relationship for concrete and GFRP reinforcement bars is then provided (Figure
E.11).

Figure E.7 Long-T Reinforcement Material Properties for Response 2000 Analysis
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Figure E.8 Long-C Reinforcement Material Properties for Response 2000 Analysis

Figure E.9 Trans Reinforcement Material Properties for Response 2000 Analysis
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Figure E.10 Selecting Appropriate GFRP Reinforcement Type for Tensile and
Compressive Bars for Response 2000 Analysis

Figure E.11 Modified Stress-Strain Relationship for Concrete and Reinforcement for
Response 2000 Analysis

To calculate the load-deflection relationship for the GFRP RC beam, Response 2000
requires input values for ‘Length subjected to Shear” and “Constant moment zone on
right”, located under “Loads” and then “Full Member Properties” (Figure E.12). For
four point bending, the clear span (distance between supports) was 2000 mm and
thus the “Length subjected to Shear” was inputted as a third of this distance, that is
667 mm. For “Constant moment zone on right”, which is the length with no shear at
mid-span, this is half the distance of the shear span length, 333 mm.

Note: For three point bending analysis (for series II GFRP RC beams under static
loading), 1000 mm would be inputted into “Length subjected to Shear” and 0 mm for
“Constant moment zone on right”.
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Figure E.12 Full Member Properties for Response 2000 Analysis
For a sectional response of the inputted values, select “Solve” then ‘Sectional
Response” (Figure E.13). Response 2000 plots nine graphs which include two
control plots (moment-curvature and moment-axial strain) which can be adjusted
accordingly if required for an in-depth analysis. Other graphs provided by the
program include “Cross-Section” which shows lighter and darker regions. Lighter
regions show where the cross-section has essentially cracked, with darker regions
areas of un-cracked concrete. “Longitudinal Strain” provides the strain at the top
surface of concrete to the bottom face, linearly. As shown in Figure E.13, the
concrete “Longitudinal Strain” at the top surface is -3.23 mm/m (-0.00323 mm/mm ≈
0.003) and as the “Crack Diagram” suggests, the pink section indicates initial stages
of concrete crushing of the cover. As shown below in the bottom right corner, the
nominal moment capacity at a concrete strain of -3.23 mm/m is 11 kNm. The
moment-curvature graph was controlled to give a longitudinal strain on the concrete
top surface of approximately 𝜀𝑐𝑢 ≈ 0.003 as this is considered failure, and thus at
this strain, the nominal moment capacity for this GFRP RC beam (GFRP RC beam
40I-#3HM-1.0-S) was determined, that is 11 kNm. As the moment-curvature graph
suggests, this point is not total failure, as after the initial stages of crushing of
concrete cover, load continues to increase which is due to continual concrete
crushing, indicating signs of “ductility” (Figure E.14). The amount of concrete
crushing has significantly increased by controlling moment-curvature and increasing
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it past the initial stages of concrete cover crushing, as illustrated in the pink section
from the “Crack Diagram” (Figure E.14).

Figure E.13 Sectional Response for Response 2000 Analysis at 𝜀𝑐𝑢 ≈ 0.003

Figure E.14 Sectional Response for Response 2000 Analysis Post Initial Stages of
Concrete Crushing of Cover.
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A full member response of the analysis is shown in Figure E.15. This can be created
through the “Solve” tab and clicking on “Member Response”. Features that are
provided include a “Member Crack Diagram” of half the GFRP RC beam, due to
symmetry. Since GFRP RC beam 40I-#3HM-1.0-S was subjected to four-point
bending, zero shear forces occur between the two loading points and this is evident
by the vertical cracks. The values displayed on the “Member Crack Diagram” are
estimated crack widths. Two control plots are provided including moment-shear
interaction diagram and load-deflection relationship. For four point bending, (and
three point bending), a modification is required to the shear force-maximum
deflection relationship (bottom right in Figure E.15). To gain the results for loaddeflection, the y-axis must be doubled, since the shear force is equal to half the
applied load. This will provide the load-deflection behaviour required for analysis.
The mid-span length for this example is 1000 mm (clear span of 2000 mm) and the
deflection along the member is also provided (‘Length along “Member”. Other
features include “Curvature Distribution” and “Shear Strain Distribution”. Finally,
the load-deflection graph was adjusted at the point when concrete initially starts to
crush on the top surface as this is considered failure and this is evident based on the
“Member Crack Diagram”, in between the two supports as depicted in the top right
of Figure E.15.

(1)

Figure E.15 Member Response for Response 2000 Analysis
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(Note: In Figure E.15, 1. Initial stages of concrete crushing of cover)
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